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An Investigation of a Supersonic Fluid Amplifier

by

Richard Royce Scott

ABSTRACT

Results of an analytical and experimental investigation of a super-

sonic fluid amplifier are presented. A power fluid was accelerated in

a conical, convergent-divergent expansion nozzle with a 140 half angle

of divergence. The nozzle discharged into a two dimensional flow

passage. Glass plates were used as two walls so that a schlieren light

system could be used to observe the flow. High speed schlieren

photographs (5000 frames/see) were taken of the switching phenomena

for power fluid supply pressures of 1200, 1000, 800. 600 and 250 psig.

For certain supply pressu, -s the power flow can be switched from

one to the other of two exit channels. Direction of the power flow is

determined by a control jet issuing from one of the two control ports.

The control ports were located opposite each other at the exit of thc

expansio , nozzle and their geometrical axes were perpendicular to the

axis of the nozzle.

An analysis is presented by which the bistable state of a super-

sonic amplifier can be described. One dimensional assumptions are

made in order to determine the fluid properties before the fluid

separates from the nozzle boundary. The area ratio and Mach Nuiber



at separation are predicted by assuming that the particles moving along

a characteristic streamline in the boundary layer flow into a stagnation

region. The location of the stagnation region and the strength of the

oblique shock initiated at that boundary determine whether the sepa-

rated free stream boundary at Lhat surface is deflected into the opposite

exit channel or flows out the adjacent exit channel. The location of

the stagnation region is predicted in terms of the specific heat ratio

and the chamber to discharge pressure ratio. Results from both

theoretical equations and experimental data are presented in graphi-

cal form.

An analysis is presented and an equation is derived to predict

switching times. The analysis is based on a control volume located

at the control port region. Experimental switching times determined

from high speed sehlieren ilrn are tabulated for nitrogen and hydra-

zine at chamber pressures of 1200 and 1000 psig.
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I. Introduction

A. Analogy Between Llectronic and Fluid Amplifiers

Fluid amplification has ad\anced rapidly to its present state since

its conception in the late nineteen fifties. Some of the first contribu-

tions to the art and science were published in the proceedings of a

symposium held in 1960 (15). Amplification is a process by which a

fluid signal, either pressure or flow-rate, is used to control or direct

a fluid stream whose pressure source or flowrate is usually greater

than that of the signal. The process is similar to that occurring in an

Grid Ib

_____ ____ ___ .-- Plato
load

(a) 'Triwde Vacuum lube

1P U -x

Power -C
C Fluid Otu

.rc B-ex
(b) ''upersunic Fluid AX pllil I

Figure 1-1 . Diagrams of Yllectrical and I.'luid .Aniplific .s

1



electronic tube. Schematics of each process are shown in Figure I-1

In Fig. I- l(a) the cathode is heated and emits a flow of electrons to

the p'.ate. This current can be considered analogous to the power flow

of the fluid amplifier. The electron flow from cathode to plate creates

an electrical field. The insertion of the grid provides a means for

changing the electrical field in the tube. When a voltage signal, E,

is impressed on the grid circuit, then a small change in E will effect

a large change in the cathode to plate voltage, such that the output

voltage is an amplification of E
s

Similarly in Fig. 1- 1(b) the power fluid of the fluid amplifier

creates a pressure and momentum field between U-c and B-c. The

control signal P can change the field and thus deflect the power jet,c

producing an amplification of the control signal.

The vacuum tube can be designed to amplify *he voltage, current

or pr.wer. Siimlarly the fluid amplifier can be designed to deliver

either a pressure, flow or power amplification. Gain is defined as

the ratio of output to input. Amplification is defined as the derivative

of output with respect to input.

1. Discussion of Literature

Early work in the field of fluid amplification was in the area of

suhsOnic amplification (2') and 00) . As interest in the field grew,

theories f,,r different aspects of subsonic amplification were developed.

Soin:i of the applications include flow control valves with no moving
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parts, logic circuits, upiortioflal anmplification,. and guidance control

(30) and (31).

O ne of the appi ic a tioli arc as iii wh i h in! c 115( intei-c si has devc 1-

opud is that (A nisstdc guidance ( ont r-o systuis (8t). Of necessity.

thesce are rcqu iret) to 1 t- rcl iabi), smIall andd jviwt' rful .The feature

of no mlov ing solid parts in fluid( anip1 ificat lol sN's tum HSc on trCibutes to

their overall re0iaih ty. If in addition thcy can he made small and

siminultaneously puwci ful ent)up Ii to 1wirfoyin thu tasks d sitred, they

Canl COMnpC te favorably- with other nn-ii 0 gu idanice ontrol. A

5SN'tUD mW hi( 11 enfli)]O" Ak- Ilkl hip h p rc S iC gas as t he ) IwVr- 500-C fctor

the last or power amp] tici c oni dCl % r 111c i-c quiircd control forcs

and yet be kept simai) ll,%li0C.-Oc OICCtIs 010 .-\ro 11 AissueC

Comnm-iand has dcvecI ued a con t vol s.\ si m which I ut ili zes a s upe rsonic

power am pl ific r (-II

In addition to I~tm a (o) t t 1iS. A\i ill\- Missie oinid

Hlolmecs ani j oxwl (1:3) !)a%-( donet. 111)1)()tail expel timn wa] wor k in

determining !ho-','ac -whi, h dffq.-v inusni Jl oi aiipl illcatum ,

A paper by Shili (2)) 1 cpi!5-t the - siits )! a iThe t it a] s7tudy, of a

two-dimensional supersoni Qid amp) 11r 1Krolvi- thu e thod

of chai-actti i~isShih ]C.Sk I 11WS 014L V( ]()1>vLo itw.'- and frcc!

stream boundai-:rs fn a i0 l:- s pl ajan' 'd kuit 3)11 pi i (1J - whenl tIII

powver flUid is1 il. Cd to Ml par ic)lij 111 \ 1 11.,1uinL I Fhiis worik and

the c-xpcrfi-Iitwin xk ,Y-k inm !1n!t m d k i ,. 1t i m it. ( 11 i ll n d. I 'stawiding
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.1. Yalamanchili has done ooth experimental (33) and analytical (32)

work on a supersonic amplifier. The configuration investigated was

analyzed from a free jet standpoint. Thus the model configuration and

analysis are different than those presented here.

When one searches for references in supersonic amplification,

papers on thrust vector control using secondary injection arc certain

to appear. This happens because there is considerable similarity

between the two flow phenomena where the secondary jet is analogous

to the control fluid signal. They both are used to deflect a larger

stream and thus achieve a large response in relation to the signal

used. An analysis of the interaction of injected fluid with the super-

sonic stream is presented in a paper by J. E'. l3roadwell (5) in which

analytical results are compared with experimental results. Although

thrust vector control by secondary injection and supersonic aniplifi-

cation may at first appear almost identical, they have two major

differences. The first difference is that the power flow in the super-

sonic amplifier is usually overexpande;J at the positton where the

control signal is applied. This overexpansion leads to separation in

tilc nozzle. In thrust vector control, the power flow in the nozzle is

itended primarily as the thrust of a rocket or missile. Since it is

,nefficient to either overexpand or underexpand the flow in the power

imJzizl., the flow is not overexpanded at the position of injection (26).

The second miajor difference is that aftcr the fluw in a supersonic

ari,)iifier has been initially directed into an exit channel, rigid



boundaries continue to chanige the flow's dlirection. In the thrust vector

control mechanism there are no boundaries which continually change

the flow direction.

Since in supersonic amplification the flow is directed out one exit,

separation from the opposite wall miust be experienced. Flow sepa-

ration can be divided into classes according to the marnner in which it

is caused . Trhe three types of separation are spontaneous, semi-

spontaneous and induced separations. Illustrations of each are given)

in Figure 1-2.

Spontaneous shock- separation is defined as the type in which the

shock, and flow downstream of the shock, are caused because of a

downstream adverse pressure gradient imposed on the flow. Ani

illustiration of this type is the flow in an overexpanided nozz.le shownl

in Fig ure I - 2(a) . A so ini -spontanco us s hock -:-zt 'arat Fi'gul vc ]- 21))

is caused by some obstacle in the flow, but the separa nn sh;Iock Canl

still ass U n I a free pos it ion and incl1 mat ion angit . In both thle sli( m -

taneouq and seimi- spuntarncou6 casi'-, the s eparation SlIOL k I.- ini1tiatud

at the boundary from which the flow separates . Ani induced shock -

separation (Figure 1-2c0 is caused by anl external shock inping iigm

a boundary layer and causing it to separate.

Th re e iiniport ant papers of a the-ore 1. tal 11at~lL uh iewIi. alltlp T()

explain shock -separatcd boundary avers and( LIM uscsparatud ib w.s ai c

those by G . I-,- Cadd ( 12), M rn;and L ieic (2), anid N.\ -

(2 1). (iadd asSUNICS that to sewaratte a wlp'.~~vtr~hi hmnH:Jai



Uippe r Se~pa rationj Posit ionI
-Oblique Shoe

Ho uflda rY'
1, Yc I' -L

F ree Stre am Bloundary

a)Sponta;neou s Shiock-Se p axat ion in an
()Vkc rexpanded No,-,le

U.1niformn Shock -- '

'Sulpe2rson ic //
F'low

*--Solid THundar,

(h) Se ni- Spontaneous Shock -.Sep arat Lon D~ue to
For-ward Facing Step

Uni1form
S upersonic TO

Q W Bounal N1 Fat Platt,

(c) I nduccd Sjiok k -St-jiarltt ,mr Hue to Shwk k ('i'(Atcd
OJuts ide tile flounai' Iav

Figurc 1-2. iliu. t_;]:BAIoS Of J)ifff-n T ]YIp
1)(u ridary' ~aver Sc-faralm-
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layer where there is a shock- boundary layer interiact ion, a shock

pressure ratio sufficient to stagnate a characteristic velocity U* in

the boundary layer is uicee.ssary . The shock Gadd is concerned with

is one which is initiated outside the boundary lave r- ( i. e., induced

shock separation, seC I'ig nrC 1- 2(c)) arnd ite rscts 1 the L)ounid-r-Y

layer soim' - distancc downstreami of its genc ration. INM . Arens and

V' . Spiegic r udCe this idua tin a thteoretical deveclopmecnt tin which the

shoeck is init ialed in the \ ic inaiy of thle boundarY layer Separationi

Gpun tancous and seni sp( 01 anco us) . 1 xpei-im e ntal data pulished by

various authlorS (3), ( n) and (22) Quorrelate Well wth h equations

they derive- A. Mager describes a fi ee- or spontaneous se paration by

cons ide ring semi-empl)i rical trans fo iii I at tonls between i nco inpress dde

imbulcrm boundar, '-cs and(o npesrl turbule.nt bouridarN layers

fr the plane c as~e. F his, ti necr elmpaj-c:3 well with \llens(22)

two-, ditnensional scp' .n data tin an c\e- f'11i(I(l sIOIS)IiIIC flow.

Arens anid Spieglci' s-how I'lirOL~ph p11(1, 01 tIJcII JL'r ivLd c-t1iiat runs

and exciretlvobtained data that thiri ejuaiion. will~ -

separatioris inn't all the: p'irei al case-s shown, tin Itguic 1-2 . [his

appears reasonab.le sinw c the re is a( LinailN Iiilc (litferiaen c amin ng 11lie

thlec cases whe'n the niuch,31 i s of flowA in1n t1W bui)LIIl iV 1a,,,t 1:: usedt

as a basis for cuomparison,

()fliei aUtnlors- ~ Cid;Ct Sepan , aijn lab I ()e c mi nicial O( i

.,alimis. lielinting 1 ) 11a. it- ato' of -naralii 1ot'snn

I)- ssie, 1i azey. Liseniklan zinn \V ilk ,e (I 0) t ii lnit iha! 1 h(.1 a
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let disc.harges to anI at mosplict- of 14 -7 ps ia thc jet s;epat ate s w.hen

11P 0 .3). Sutini field (27) and M chenny (22) ( olicIude that

0 .33 < 1)IVP < 0.41')1 kI hainherC to 0 111lInt pIIC t ssIC I AtI.oS tlStcfj,

aild thus 11 / 11 a, Is 1Yo n~ t v~o n 'thi.s IMy- bi. tru! 101 the

swall 1range ut pi c 111 kI a t I-s ( I : .4 < 1 1- P1 < 22 . 4) inlve st ig ated .

A\ I A I go r r allgi o I Ila nlilmt - to a Iub I cn t p) 1s L Ill.Ce atI lob ( 5 < P / P a

I1153) i rd Ic a te s a (it i in I t( dtopc n de n c e of he bo -- ndar Y layerI s tpar at ion

11 the('1 ieU Sl e1 r 1 11 mi h Nitn 11)c (2) -andfi I 7

(2. IDef init ions and lDescl Ipt ion uli Amp! if ier Chat attc Iist ic s

An awpicler 15 i staei, t hec : ,!t unlid two staid e flow contig -

ux-atioris which it will1 maintain. The pove cr flow of an (iea! bistable

fluid ainiplfiez (-an be s Akit( hcd "i ur line to thll ollitl o 0 these-, twNo

stale flow%. onlfig' [it ia, lon, khnI 11 at., foI th- [)I esinUft SItudy. fl 'n1

total ituw% out one, cxit to- totl fow (ut tht %.:( ord cXrt . It tht. Swkitc ltinp

cons t I .iiit is re I.W t i C d lit )l IIhe. P"wer !"uow - i 2ly Sw ittil d, cic h

POX':!1 zti ea-ni ot the' ria)anlpl r goi 0l u tO of Ct it twvo -,table

I)0 Ugra t Ion s . ()t u r- ;-. I ,Ii I I li i d ut> ro t 11;; .c ide a11 iStabh.

tl'Ia tCIAri i( s and .-t th-ru J~w kotoiia t cirt b dete hRc-inind for

whub( 1 part (A ti povwer iluid 4ea1e.- v xn &It anld t-( I te t by: thc

steL'iid eXit . Thc flou. ill this thU' ( tonfigi! .*dion I" 11sucIllvlo:-te

Thal, ithe : 0 1 !h hI.--714 l.-i r maI' v)1> hi I Oil. ;i l1phiir is

upl. : ±Lttd Ini C _JhiI)!\ lit s ur f jl ' 01 1) h~ i h v ()Llt (114 Xit

I , h,,! li ~I ;ai 1; !4I A hl i d gi o: t 'hlt (,i the thir d lloki,

u~l ouiiai ' .r, hc 1iti) 1,o i'Ai.ls h :]o\%% oIut one( t
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from the following qualitative reasoning. It is less difficult to stop a

partial flow from one exit and thus force all the power fluid into a

stal~t flow out the 6econd exit than it is to stop the total power flow

configuration. Thus an ampldifier could be definied as bistahle even

though a third flow configuration can be determined, if this third Con-

figuration is less stable than the two ".stable flow" configurations.

Therefore the flow, configuration which exists when the power fluid

continues to flo~w out all exit, after all r estrictions used to force the

power fluid out that exit ate removed, will he c ailed a bistahic flow

configuration. The conditions ncr essax y tu maintain this stable state

in the ,supersoniic amplif ier will be presenited in Section 11,

In add it ion to a st udv of' conditions nwcuss ary to m-aintain thu

histable state, the sw, itching of the power fluid fioun- one stabic pos i-

tnon to the other is also studied and results arc p)rcsented( herein.

The switching tinme is defined as the tiic ruql edc to move tilhe powe-r

stream fromj a stable posit ion on one side of the am~plifier- to a sitable

Imsit ion on the other -id. The switching time is only part o! the

response tinie, which is defined as the ine lapse necessary to

obse rye full effects of the power stream at thic output position after

Pi' control signal i-! Applied. After the power si eami 1-Switc-hed the

fluid roust f10ow to thle outpuLt pow,,t ion, 11wh time lapsec be twet n

sw ith ing and a r rival of [)o-%O r fluiiid at the output puositin is the t ians -

port Lneof tile powursrai cena.cil these( tili)(z. are. shown

In Figure 1-3 .and ar scni. 1.(csm as III iI11 k.n (13). A -



10

p
cx

e_ Control Signal Applied at U-cUpper"-

Elxhaust + time

Lowe r'
Exhaust T A Transport+1Switching "I ime- T -

Response Time

Figure 1-3. Schemnatic of Amplifier Response Time

can be seen in Figure 1-3, there is some time after the control signal

is applied before there is a decrease in the output felt at U - ex and a

response is felt at 13 - ex. Also it is seen that the switching time

termination cannot be definitely identified on this diagram. This is

because the portion of fluid from the power stream left in the upper

channel after the power stream is switched is still felt at U - ex until

it has 'oUed to thC cxit. ThiL- -a:,C ine is necessary tor the fully

switched stream to he felt at 13 - ex.

Although the Army Missile Command had developed a supersonic

fluid amplifier that operated, there were many questions connected

with its operation still unanswered. E'xampies of these questions arc:

(1) ,hy does the amplifier switch only in certain chamber pressure

regions, (2) what are the cflects of using a high tenpei aturc pow n

fluid and (3) what are the effects of varying the magnitude and/or fre-

quency of the control signal. In ordcr to formulate a flow mudel from



which answers to questions of this type could be obtained, an experi-

mental investigation of the switching phenoimena was performed at the

University of Alabama and Redstone Arsenal. Insight gained from the

expei'inental results helped guide the development of a theoretical

flow model. Tlhe purpose of this thesis is to present the experimental

results, thle theoretical flow model formulated to explain the experir-

mental data. anid describe the mechanics involved in supersonic fluid

anmplification. An under s tanding of the mechanics canl be applied to

other flow situations and in gcneral used io imiprove amiplifier design.

Figure 11- 1 (page 2 1) shows the flow model which was used for the

experimiental work. Details of the flow geom~etryv are giveni in Section

111. This configuration was chosen because thle U . S. Army Mlissile

Cemmranid's Inertial Guidance and Control Laboratories had a control

system in which there was a similar amplifier and onl which cons id -

crable pli:; v t-xpcrinmental w-ork had already- been conducted.

It was desired to establish a better b)asic- unestn~n f zhiH: ampli-

fier. Also it was known that this configuration performed r( asonably

well ior certain ranges of supply pressures and control presS ures.

1). Discussion of JHasic Equations

Sonic flow is attained when thle speed oi a flowing fluid is of

magnitude such that a di sturbariec gener-ated at a pm)nt in thie tia

caninot he piopagated( upstr eamn ol thle point Of (dL turbance: It thci

fluid reaches an';: highcer sped, tlicn the ist'( r-A rule (-,( 1(' ~s

soic(. By appltying thec niunlo-ntuni and c ontii iiy t.qualinr- I') I
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stationary disturbance in a flowing fluid, the speed which the fluid

must attain to keep the disturbance from propagating upstream is

kFor a perfect gas (P/1 0 R T) and an isentropic process (P/p

g

constant), I- 1 becomes

a R 1P77 1-2g

The Mach number is the ratio of speed of flow to local speed of sound.

l = V/a

Thus M z1 indicates sonic velocity.

The converging - diverging nozzle is used to accelerate com-

pressible fluids to supersonic velocities. The supersonic flow will

be reduced to subsonic flow if the high speed fluid passes through a

normal shock. A shock in supersonic flow is a discontinuity, across

which the stream properties (p, T, p , V) change. The "discontinu-

ity" actually has a thickness on the order of 10- 5 inches (24). The

equations which govern the change in stream properties across a

normal shock are well known and are developed in most gas dynamics

texts (see for instance (20) and (24)). Figure 1-4 shows two dimen-

sional flow in a duct and an ideal normal shock. The equatlons which

govern the changes in properties are listed for later reference. They

are derived using the equations of continuity, momentum and energy,
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for an ideal gas and steady flow.

P1 P,2 M1 >1 .1 Po >}) 1

1 2m2' 2

v 1 > T V > V.1 2 1' 1

P- p 1
p 1 P2 p2>

Figure 1-4. Normal Shock and Stream Property Changes
Across the Shock

IVI = p 2 v 2  1-4

9 22P 2 - P1 = Pi 1V I P2 1-5
h +2 1 Vi 22

h 2 1 h2  2-6

From equation 1-6 above, if one substitutes the definition of enthalpy

and Mach Number one obtains:

22 K-1 1-7
KM 1  2

The following equations are derived for an ideal gas from 1-4, 1-5

and 1-6.

P2 P1 2K 2)

Pl I

P 2 (K+I) M 12-
p1 (K-l1) Al- +2
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T[ 2(K -1)(K N1 + 1)
1- (1f -1 ]-10

T1 (KI~~)2M1

Equations 1- 7 through 1- 10 are tile equations relating the properties ot

a streami across a normial shock.

The oblique shock occurs in supersonic fluid amplification as the

stream is bent so that it is directed out one or the other of the anipli-

fier output channels. Cunsider Figure 1-5 which shows a supersonic

stream flowing through an oblique shock. Figure 1-5(a) shows a fluid

(a) (h)

Figure 1-5. Oblique Shock and Its Effect on a Streamline

strc-amn of uniform velocity approaching an oblique shock wave inclined

a* an a- cel- - to )f flow . Across the oblique shock one

streamline is shown inclined at an angle P to the initial flow direction.

Since the flow is uniforin ani analysis of what happens to one streani-

line will represent what hiappens to all the flow across the shock.

In Figure 1- 50)) the velocity is divided into normal ziid tangential

comnponent!s oni both sides6 of the shock wave. By using the (ontinuity,,
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and momentum equations parallel to the shock the following is obtained:

P V -PV
1n 2Vn 2

and

(p 1 V V - (P 2 Vn) V
Vn 1) 2 2.1

from which it is apparent that V = V - Vt t2  t

When the continuity and momentum equations are applied across

the shock in a normal direction, relations are obtained which are

analogous to the normal shock relations. In the normal shock case

we have V /a, A 10, where V is the normal component of flow. In

the oblique shock, the initial normal component is V V .

The initial Mach Number now is Al V /a where \ V /sin (Z

Thus

V
I - TO sin rp

a 1

To obtain the oblique shock relations .l1 is replaced by l s I in

equations 1-7, 1-8, 1-9 and 1-10. Similarly it can be shown that

V
n2

9M sin ( - 8). Thus, the equations relating properties

across an oblique shock are:

K- I '2 2

Al SIT) T}M 2  sin 2(0 - 0) 2 I -I V 1 1
S- KM s11 2 -

1 "2
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P - P -P1 K+ (MI s2 € - 1) 1-12

P 2 (K+I) 2 sin2

P 2 2  1-13
1 (K- 1 1 sin2 2 . 2

T 2  2K- 1)(KM12 sin2 9 + 1)T I  2 2 M2 1- 21(K+I)r M 1sin ¢p 1sm -1)

1 1-14

V
Consider now Figure 1-5(b). From geometry tan c _ and

V
t

tan (v - ) /Vt. Using the continuity equation and eliminating

V gives
t

V

tan 9 V pnI  2

Using equation 1-13, this becomes

2 2

t8) (K-I) MI sin -2

tan 2 2
Sifl

Solving for tan 8, we obtain

M2 sin- ep - I

tan B = 2 cot 2 s 1-15
Al,1 (K + cos 2r) + 2

The equations from 1-11 to 1-15 describe the properties of flow across

an oblique shock which will be useful in descrLbing the mechanics of



17bistable flow and the switching of the strean, from orle exit channiel to
the Other,



I1. Development of Equations Describing Blistability and

the Switching Phenomena

A. Regimes of Flow

The various regimes of flow which exist in a converging-diverging

nozzle are determined primarily by the nozzle chamber pressure, the

pressure of the ambient to which the nozzle exhausts, the nozzle

geometry and the boundary layer. These regimes will be defined for

an axisymmetric conical nozzle.

The flow regimes of importance for the nozzle geometry consid-

ered herein will be defined in terms of the pressure ratio (1 Pa ).o a

If (P / ) 1 no flow occurs. If (P /P ) is defined as the maximun
o a a

pressure ratio which cannot be exceeded if subsonic flow is to exist

everywhere in the nozzle then 1 < (P i P a ) < (P 0/a ) is the subsonic

pressure ratio range. For (P /P) = (P /Pa) the fluid velocity is

sonic at the nozzle throat but subsonic from the throat to the exit.

For (P /P ) < (P / P a ) there will be no shocks within the nozzle flow.

Thus all flow in the nozzle can be considered one dimensional and

isentropic when the boundary layer is neglt cted.

(P iFa)2 will be defined as the maximun pressure ratio for

which normal shocks occur in the nozzle. Thus (P /P ), < (P /P ) <

(P 'Pa) is the flow regimne for which normal shocks occur in the

18



flow. The supersonic velocity downstream of the nozzle throat is

r'educed to subsonic velocity by the normal shock at somle position

before the nozzle exit and the fluid then flows to the exit with subsonic

velocity. When (P C/ P (1 (P / P) ) 2the normial shock reachietl its

farthr:st posit ion, N1, downstream of the throat .When (P11' ) 3is

the pressure ratio for which . bliqUC shocks exist at thu nozzle exit

then (P3 /P ) 2) < (P1 / P11 ) -- (P 0/P a) 3is the i-egini' for which oblique

shocks exist within the nozzle. When the press ure ratio (11 / 1, ) 4is

reached the pressure within thle flowing fluid at thle nozzle exit (l1(I

is equal to thle amibient pi ussure (1' ) to which thle fluid 'lows. At this

pressure all shocks vanish at the nozzle exit. Thus (P3 011a ) '

(P 0/ Pa ) < (P 0/P a) 4is the regime for which oblique shocks Pxis*t at

the nozzle exit. If (P I P1 ) exceeds (1 /P 1)4 then P e> 13 anard the

flow is called underexpanided.

TIhe flow regimne of interest in this investigation is that for which

oblique shocks exist in the flow. The formation of these oblique

shocks is associated with the nozzle boundarv layer. T]his association!

is demonstrated with schlieren photographs by Shapiro (22) who shows

that oblique shocks are replaced by a nor'mal shock when the boundary

layer is removed bY suction.

Sonic character,.stics and consequenices of the olA iquc shock

regimie follow. The flow can no lo-ngeri hc apliroxiiiated 1). one di nin-

s ional equations since the oliqiie shocks are Iwo dioiensionial- 'i'(

obilque shocks recorinpress tHii id, reduce the sliced, and retd il-t
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the fluid particles. The redirection causes the flow to separ ate from

the nozzle boundary and is one of the mechanisms of interest in this

investigation.

13. Discussion of Phenomena in the Oblique Shock Regime arid

Considerations of Conditions Necessary for Stable Flow

Two phenomena exhibited by the supersonic amplifier are of pri-

mary importance:

(t) the bistable flow for certain chamber pressure ranges, and

(2) the switching of the power flow from one exit to the other.

Bistability will 1. discussed first and a theory described by which it

can be explained. This theory applies to other amplifiers with flow

passages similar to those shown in Figure 11- 1 . It was developed by

observing the shock angles and free stream boundaries in high speed

schlieren film, analyzing the numerical values of pressure at solid

boundaries in the vicinitv of the shocks, and uttlizi'ig knowledge of

flow separation phenomena dese ibed in the ;iterature.

Con:dcr Pigure I1- 2 in which q is defined as the angle included

between the bottom scpara'or; shock and the rnodel boundary, and F

is 'he angle between tbe bottor1 free stream et boundary and the

model wall. q U and E are similarly d(fined for- the upper model

boundary.

In Figdre 11-2 all the power fluid is leaving the model from the

UplCt-EiI iecause the bottom shock, winch begins at point i]H, turns

the flow which wvoAd otherwise g,) out the lower exit. Wkhen the
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amplifier is operating in the bistable regime this condition will con-

tinue to exist after any control flow or restriction which forced the

power flow out the upper channel is removed. The turning shocks

beginning at positions iU and 1i1 are stable because of the pressures

maintained by s and s H respectively. In the flow situation shown in

Figure 11-2 the pressure at s B will be only slighily lower than the

ambient into which the amplifier is exhausting. 'This is because the

amplifier outp.t legs discharge to the atmosphere and The entrainment

occurring in the inactive leg causes only a small drop below ambient

pressure-

The pressure at sU will be lower than the pressure at s. Th is

lower pressure exists because the power stream at position iL has

expanded farther than at 113 and the shock ai the upper boundary is

weaker than that at the lower- WVhen the power stream alnost fills

the exit channel and the stream remains supersonic past the splitter

tip then the outer wall region between st, arid U- ex, through which

flow from the outside atmosphere can occur toward position s, s

very small. Experimentally by graphite entrainment, flow toward

position st has been observed in this region. This f-low will increase

the pressure maintained at position s U and is detrinental !o the

bistable condition. The low pressur, region at st, can also be de-

stro°ed by flow from s B around the power sirean,. \'hein ,..ntougi flow

is present to raise the pressure at s.: to approx m ,ia'el\' the sanic

pressure as at st3 the bistale condition will (ease io exis . 'ttii-
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when the power stream fills the exit channel sufficiently to prevent

flow from the ambient and from s 11 around the power tet to point s ,

then a lower pressure is rnaiiitained at s .J than at s 1 . The absolute

values of these pi essures determine where tht, respective shocks

in tcrsect the model ho unidary and the angle of the shocks whic give

the power fluid its direction as it leaves the amplifier nozzle.

in summary a list of necessary conditions for bistp.bility (for

exa.niple, all power flow out U-ex) is:

(1) The power stream must separate from the lower model

boundary and be directed upward past the splitter tip so all power

-low is out l-ex.

(2) To change the direction of the lower boundary streamline as

indicated in Figure 11-2 requires a shock.

(3) To cause the separation a! s ; and the associated shock,

which intersects the boundary at 1 and redirects the flow so that it

Lust clears the splitter, it is necessary to maintain a unique pressuie

value at s I for each F

0-, Lastly, to prevent the shock angle p,, from having the sani:

magnitude as pB, and thereby causing similar upper and lower shocks,

a lower pressure must be maintained at sL1. If the nmagntoudes of 1p

and ;H are equal then the power let will divide equally between tie

exit channels of this amplifier. To ma intain ,he low prcss, re1 whi h

exi.s's because of the power stream overexpansion, the power stream

i ~us, fth flit ampliiier c _arnel at section s - S), to pI evertt fluid at

I!



approximately amiei n, plics sute fromn Iow ing ai-ound the Stre am to

S U T, he power Stream mnubt also fill tI heUpper exit channel anid thus

restrict flow from lt -ux to sU to riaiwaam the low pressurc at S

IhV conditions6 wich IMuSt be Salti - icd in or der to maintain sta-

hilit% have beeni dvser bhed (pal itaivcl\ aboe I >ulaIions describing

the pressui Qe anuLs whidh must be maintal(ined to Sat isty III( ! irst Ihil ce

(joiidli10s will1 now be deter niine1d (,on: Iderj_ IgUie 11 -3 Whn1h IS the

asSUPIed flow mnodel. In the, \ic iiritY 01 separat on. Poin m is the

p(Is i' ion 111illediateh i ullo ing the -sIIAL and I i.s, in thw rugion where

11ne How \elw ties at-( as-Sumeid to he zero it- IhIe x dirr on and %crv

smnall in] iHle y di rt.L1 on

Ini the one dimensional v:onpuiatiolis iov nozzle flow all Ilow up to)

Oic ol~ligm.e shot-k IS nSUal\ aS--,rI~ed 1iSfemI7C[ Ipi i real t\ thmc Is

always a bounidai \ la'%(er and this is thec i ea: o ,,r th, cxistc-i(t 01 til(

ohLi imt shock 1in thh bonwidam v 1 aLf IK the 10( 01o 01 !Ilhe f)lid near tie

wvall 1S less 01,1i the 1Lc 61tream- '.U101 r\ ForI-Thc1 -- the !I! eri; -a

whel-e the St-ill nIS is verexpanded 0i .c the ex\ii prtir e !S ls

than atiiospher it) ie i:;onieilItMIi 01 the fluid near the, all is small

and t he vel'0 ities are Sbulil hc aiise oi tIIe l)oundars layer, it ( an

bc serThat lite higher aInup 1( j;; C.,:-;Uf e will ,am-ct an adv' i L-A

pressuzu gr adiit and a ivex-cr 11ov nOw tnt lniv al the xi

iln- t"e 'cluk itY ut !h, it vat ( hiwndoi 13Ya(1 !Iow "I !,( ?t I() ~l

somiie pia( v Ll).s
1 1 a L- I 0 1 It' It :11 f- l \V I( ,I-u 0 I 1 o( - V;( I II I I (-

causes a Inresnie v !if ") I~ , a( i !i~zI:IfiiI, a! I( I liii "k !~i f I I
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Upper E*dge~ of
lioundary Layver

CTharacteristic Streamle/
in Boundary Laye r

Ftgire 11-3. Flow Separat ion Model

The ass u nipions niade in developing .ie bis table flow uqUat ions

arc:

1.The particles in the -, ic inity of f are essenti:ally at rest

2. The stagnation pr -scess from region s to f occurs isentropicalN

3 . The dist urbance created in the viciniwv of ihe region of 1,. andt
is propagated into the supersonic flow a- ;n nhliqlw shoclk.

4. A constanit stagnal ion temperature is assumed in a boundary
layer cross section.
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the partcles are essenlially stagnated. This stagnated region acts as

a disturbance in the flow which is propagated from the boundary layer

into the supersonic stream as an oblique shock wave. Following the

work of Arens and Spiegler (12), equations will be derived describing

the pressure rise in the boundary layer necessary to maintain the

oblique shock.

The oblique shock wave is the means by which the pressure of

the stream boundary is brought up to the pressure of s. As a good

approximation when the fluid reaches f the pressure can be taken as

ambient pressure when the output legs discharge to the atmosphere.

When a supersonic streamline crosses the shock, ithe direction of the

fluid particles will be changed because of the properties of the oblique

shock shown in Section 1.

By definition of the Mach Number, the ratio betwt.en an,, two

Mach Numbers can be expressed as

Ni a ! I: "

NI. a. U uI

where the superscript indicates quantities in the bouridary layer.

Assuming that the stagnation iemperature across the houndary la%-(,!

is constant, then

1I, -] k-i 2

A tU k- 1 "

2 l

]quation LI-1 can be solved for M. as lollows:
I
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U Ni

k * 11-2

Thus if the relation between U and U is known, then for any fre
l

stream Mach Number Nl the Mach Number NI may be found. The
I I

velocity and Mach Number on a characteristic streamline within the

boundary layer are important parameters in the following theory of

separation. Depending upon how this streamline is chosen it is appar-

ent that U. could have any value between the free stream velocity and

zero. Gadd (11) shows that when a characteristic streamline is chosen

such that U. /U 0.6 the results of the separation theory correspond
I I

well with experimental results for free stream Mach Numbers up to

and in the neighborhood of M 4. Assuming that This relaion holds

approximately between M -4 and 1. = 5, M. can be calculated from

equation 11-2. When the magnitude of M. is calculated using these

assnmplions, it appears from the data taken from the presenl study

that the characteristic streamline crosses a normal shock in going

from region i to s for values of M between four and five. As M

decreases there will be sornm value of M. for which M. - 1. For anyi 1

M < 1, the particles flowing along the characteristic streamline will

bc assumed to be brought to the essentially stagnation pres:suies of

region f isentropically.

Aluming that the fluid particles which have crossed the normal

shock are then brought to th. pressure of the stagnalion region f
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isentropically, one equation may be developed to describe the pres-

sure rise between region i and f. With these assumptions then we may

write the pressu-e ratio Pf/ i as

I'fft

* s 11-3

t' P 11
1 s I

From Figure 11-3 Ae can see that ) .1 s is the pressure rise due

to the is enlropic velocity reduction of the partw-ides flowing along t ie

ci aracteristic streamline and 11 /P. is the r ist dic to the normal
S I

shock. These ra.ios are

P

P. k'] - I ItI 4

and

k
P'. F-

I 2 1 - 2] 11-5

Since it is inore conxvenrent to deal with litt final equations in

terms of M, the invisc id free stream lach Nuntiber, equa; io 11 -2

will be used to eliminate M) from equallions 11-4 and 11-5. IFquat ion

1-7, the relation between Math Numbers across a notarmal shock, will

be utilized in expressing \1 in terms of t . quaimoiis ItI 4 ar!] I)-.

Can then heu expressed iln terns of M and comilned it jivs p,- , (,s

sure ratio I fiV as,

fI
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k

k+1 2 1 k I
I 

2i

k - I k i II - I

where 19 U Equation II-6 was derived by Arens and Sp)iLgIcr

2), as was an equation for which the assumcd velmc ity along Ihe

characteristic streamline was subsonic and thus the comphete coin -

press ion to 1l was an iseitvropi(c process. ]Equalon 11-6 accounttonl

both normal shock compression and the subsequLIt cOmlpress ion affer

the particles flowing along the charateristic streamline have crossed

the normal shock indicated in Figure 11-3. If M 1, equation 11-4

reduces to 1) /P I 1 and the ratio 1f/ I, is achieved through an isen-S f

tropic process. Thus equation I1-6 predic th ie appioxiniate press ure

rato to stagnate the particles flowing along tht- characteristic stream-

line whether they cross a shock or not.

In the iviscid freie stream the flow is primarilv ise,.-tropic

ntil tne cross- scction at i i6 rvached, the Mach Number is given by

I : " -)

0 1'

1 o k

M" (+)7--- - I] ) -
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With equiat ions 11- arid 11-7 it is possible to wr'ite a computer program

by which values of 1) / P) and M may be calculated for a given 1) /1)
f 0 a

Resul Is of these coniputal ions are presented in gr-aphical form m I
e cr N I TI is known, then t he a rca rat io( A I/A nI mav be cal c ulate(d I

f'or the separation posio hy10 th olowing equal toli

k 1
A r ,,4 2(k- 1)

1 _ 1 2 1-

Values of t he oblique shock aniglte c ard the free: s'ie alli b1oundarv are

also calculate(I from equations 1- 12 an-d 1- 17., TheLse calc'ulations arev

periormed in the frece stream flow where the disturbance in the.

boundary laver has Caused th~e oblique shock to Ix lirepagated. 'I hi

v-alue of the oblique shock anigle_ c; is deterin med by it e p~esi Uc

across the: shock anid the Mlach Number btore .- rsing t shock .As

t ht precss ure P,. ;s mncrieased or- decc a sd it (-an ht, Sd ii 'hal r Ail

alsio increase or dee reast iri a s iniil ar inannle- 11I will he skoin mi

Sccion Ill that he ex neri-ent al rCl a:11 ion b~e t -C and 'tic. (oliii

p ressui-e is stin iiar to that i nd ic ald by he above qitotis . I1i s

a6sumTed that an artificial a bn t te -iw lIl X%-C!rilI\- Of ',1!( (o0101 0 WI

wch caises 1) fis approx imateiv equa to 0te -on)!Iol e al

c ul aied v-al ues of t~are -omipa re(d t10 p iL~ iiij a L' - kte ! tit NOW.

ever pOsshC Inei ettll 11II
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C. Discussion of Switching Theory and Derivation of an Equation

for Switching Time

Since the basic purpose of the bistable fluid amplifier is to obtain

a fluid flow frem one of two exits, then there must he some means of

switching the power fluid from a stable flow configuration out one exit

to "he second exit. This switching is the second important phenom-

enon in bistable fluid amplification, and is accomplished by a secon-

dar\ fL.id flow called the control flow or control signal. The following

development discusses the variables which affect the power stream's

1,osition Pnd their relation to the time involved in switching.

Consider Figure 11-4. A control volume is shown enclosed with

dashed line3. The control volume is chosen such that the lit

boundary is the plane which passes through the surface connecting the

downstream control port boundaries, and the o r boundaries are

the diverging walis of the expansion nozzle. Lines 1 and 1 which

diverge from the model's lower and upper boundaries by (P1 and e[

rcspecively represterit tit- lower and upper projec!lons ot the contin-

uous sho.k surface between 1 and 1 The shock occurs all around

the power et in the manner of a "warped conical" shock. The line

indicated by 5 represents the intersec ion of the conical shock wth

lht- rozzle . The linus indicated by 2 and 2' are the lower and upper

pro ccti o of the "warped conical free slream botndary which

di'er!-' . orm he lovwc' and upper model !bounidaries by 6lB and 1

rf ,p-c-tiely. The upper Lnd lower control port entrances into hlqe
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2

FigUre 11-4. Tfhc (on'rol Volume With Pressures, Shocks and

Free Stream lBoundaries Indicatedapo

cont rot %olumw are located at U-c and 13-c respecLt ively. Th ppo

pr'iate pressures acting on the boundaries are also shown.

Thiis control volumec was (hosen because, included within it and

on Its Woundar fs are the iotal ( auses of switching and the 1tjwndar x

c uridi ions ( ani kc appr ox!.,n at ed by i (,soiiablu ass uri-pt tions. W will

assui,,e( that Ohw (iiambe~i pt *ssui~t iS h;i!fi efluighl~ 1ha! h i

po3rt ( Toss - sctnn downzt eaiin Lu the powc lis! stcpara t ion t- css i

i ia'll\ st 1 filled 1'. 1bs i;.- I , - al-'o a-ur,'r ( 11,11 11;4 pow:I
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j(-1 ills '.he upper exhaus!t ( Irinnel. toM thu ",W1 ignt at on shown in

Fi1gure H1-4. When the power 1vt lilts the flow (hatinc between The

conirol. poz ts ti-c and H -( then a low~ pi ussc i t-g=o will (xkot in the

vicinity of 11- because ul the polkC SI 3IrIi Oe-r expansionl. The

s une rson ic flow eftvely t'1 iwqa1tuz U leg 10 1:-( IronH hig pli s sure

soIucs that wou-ld raise the pr-vs su or l1I 1," heause tiu id t annOt

flow around the power s tiean- wo - c and iessur e waves ( arnot reach

B- c, trofli or dovinstreani of 13-c actions thw supcrso"" sirCeflh

Thurs unless this steady power fluid HO lo, d to n 1St Urb(-d by a

control signal flow iron, port 1. - Ihe low preCSSUI ure a' rgion 1:-(c will

not change . With these conditons, the asbumipiion tha! the act ual

switching phenonmenorn is gover ned IVY oCCuLi rer-i Ins Ii and on the

huundarv of the conr-ol volume ia lust!ed byv thc followinog ar-guniet

If the pressure zatro) P/ Pa is high enough to ause unseparated

sup~ersonic flow to the cross -sectmin indic aica by 1 inc the!,,S sch eei

photographs iid icate tht super honit W eot. ites v t 0, ont int' to the

spliter tip H shown r. lBigot 11 1 . im" thre ihow oundiions at the(

control volunie exi" will only be aflel(- 1(. hI ha ngces in the obliquir

shocks and lt1eseJar : (rishrvd ad qiiatel) in~ At cmtiol v;hr:::.

The conti uln oi gurv 14i hw otI-es hr

if)(-- ~ ~ (IIVcir fl id USt11 tit(' ) C XtiaiiST hat10

eiiaritr pliessur e -a a alue roi whiu U he tn-lov. isi stiiblfin ith(

tuV,5 : i()' ~ o lli lst( ItlW * tb ol ) floiw a'



U-c. These (oridtons can he iktt niuicd 10- using4 an isent i opic one

chmenswnal analysis 101 tOw iI\isiclid W-( stieanl flow and the hi-

stable aiaysi toi tiv, houri~ y 1vui -shot k 1111(1 8(1In ulsenled~

hure inl

N\iie inij L tion , ii Li itin ,i I -t ill( ilo'A supa atcL neat Owll

control port . Aw. the onIw A pre-nuic I in, [CB~S tiW ShOc

angle q in(crcasus 1 IM I ii( a-n HI su [(S!In thI 1S region Cause.s

th ii(1 11 ( St1 fie hOio t j0 U l o he (J i. d lk t (I '()&a 0i 0"l ypipt

ipl. Condi I olw iequipa eI my tnt ste('a .?a -not k-houndarlv layui

inci action analysis shoV. "ma IN poili; ofili51Ii ot w 1!(

sttalii ibolida1v wibthWe nozzle l)(Ilfl(1 v .ill iov o. aid ihe .10Z71(

throat,- Now 11wh (oliol pieM5-JICii "i. loV !vqlivii ie urtased

only to KuC jhi(-sLieiV aijof v:-ltS, i i"(r i SrEai;linef 2 and tlue lowuX(2

lb)o;1(ai arid !: Win *qa bL&1)(vouc on Ont tiu j) and luwr tot 01w t Ve

are niainlainvd, a symlHimi(akI 11O\m vu('td i m i ' octut V ut

re(sltig 01"" l Itv. it otl ol n tIh L~lit I O0,il i~ i.ti Is

incwiased sligiilv ahe in, ;,mlmp-w t'.",w &N

ar at n wAl 0 to "V. (1lI dics!ig i nla l 10 10Mi ohe Ito* U 1S If is

tittli V cOMi01 2 e nSUI C It Ill, I eRt-c- A11iil 1i10V* thin -~~ti 1

pialt ui Oui. I. , t~x '81 ! M VIe i '.( t)L i:,( 11,) I t'.'. Am 10 ill(



When the cont rwo ,ressuLire at U-t is large enough to d vet r a suf-

fictent quantity of power fluid into the lower channel so that the exit

flo,.W begins t) CSt 1'Cthe rete Vtse a[mosphi' re iflow Iom ,I- ,x to

H-c, licn thc pressure ini the rt'Cg i H-t- will egil to decrease,

leading to a decr'easte I the lower shock s!rength, arid the power

swtram will comnpli'te its switch Io t ottoN exit channel 'In

achieve the asymmetrical separattoril the pressuore to which thc conical

expansion nozzle Ilows at the upp, r houndary nm1us t Q. greate t Ihan Ilht

p'c'astire at th lower boundary, "las 1lglhewr pressure s achwtvt'd

with the conr'ol signal. Once the power streami ails the lower channel

then the pressure exposed to the upper portion of the let by enta ain-

nient from the atmnosph rc into the niixing region ia crough g aeatw-

than the low pressure near the lower wall that the control flow is no

longer needed to hold the let in a stable position.

e wish to determine t-he variables which atfcc t the nicchanl cs of

swatching and their relation to ie sw:chaing iome. SLIM swatching is

an unsteady process which involves pressure Fori es aid mn oriinturn

change, we inlroduce the unsteady nomentum equation applmcable to a

cotit iol v l umiiC

ZR -- cdB OVA' n)t dI'

Specializing equation I-9! lo ih( y damectiori, we ohrain:

Z \ Ctr ' - / X . I -10
- "5- ilV l
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V. uie Is~ the mass rate of flow

Ini applyinog equation ]1- 10 to the onro volume it is adivantagC'ouLs

to fir-si (11)15 der Figure( 11-4 .The flow to) the plane tiidi atd 11Y IIIe

is steadv tor any mnodel if 11 / 11 is (onstarl .1PlaneO Is thie

(,i*oss -!section passing i hionigl the- jaritIS lUsuStiean! point 0r1the

wvarned coniceal shock . ( 'o1s ider 1'ig tire 11 5(a), whiIiiei is an

e nli gu d \ ie xv of thu eon trol vol u rne i ne Iude d be tw(e i plane arid 1he

control ,oluie downstitCain ex it Soriare, planec Q. 1i Hit t d U e d

control volume shown as r~egionis 1  H. anid R, are cnrclosed hv the

s u rIa,-, t-, s S S - ), anid -S ithSe srf-a( es at e c otnet ted as
4' '1' 2 3'

S hownt In Figure 11 -50(). Reg ions R 1,R, anid R. ate an ular t leg 10 i
1 2.3

whtich are defined as the tindefle .c ted, de fle(t ed, aid inixmig r eg ions

rezpectivel. S~urfacus S .) anid -S are the, e xit suriacs asso( I-

ated wcith regions H I .p anid R Th'lese Sur 'aces aie c ho-wi ms at

their lhoundaries in Figure 11-50)). -1s 16viewv oi 11e 11OZy;'l illu-,-i an->

how the r-egions and surfaces ate toitito. ted

S urface S- is the pr-otect i on ot Tit !strrnn o A

s hock when the flo%-I.,, all out eithe r the, top or bottomn exit iThe

lines I anid I' are pr'oietiinns of the; sti ong and xweak povi11005 i(lie..

I ivelx', of thu "war'jn' onio al' ,hot k.s~ in a vcetetal ro~Io

Note(- that whe-n the ['owen: flunid ilows owt ont eI I ( the nipf f cxi

theni a stronig and wkeak shoc)(k eita; tie inpput anni lo.w'i n tz\le !

boundaries respect ve-ly, anid vie-etsab all ;11w won li' 1"% t

ex it.
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S.1

(a)'Nozl '-',ie ie Hubta~m ie Tppe ad Lwe

.NokPo(cin

0RI,
is -c - o i ia i

0(a1 ! twc) fid Co te ils xaINozi' in c I i Iipr the Frwee

Sr reamn Houndar v and hIock Sn r faces
at tutu Nu//l 1LXIi

I igure 11 - An IL'ilar gftd Vicw ol ihm 13-duked Control Volume-



To get, a tiui fur swociti toum une channel to the otheri ,one call

illIegrate equatior, 11- 10 with respect to timec Integrating Iot hie

begitinig lo the enid of thu power strevaii switeh I 1o gives,

1 312

V~ r fvdadt dJr~~ ~ ~~ I~'tJ2 ~ o ic

front~ foe to dper Eqato 11- wil lreb pledt h_

s willin bhe assued at the same mtea nis aceivlvd al the

upper exit. %k henl thle flow switches from the UI me r to lower ctx:1 iihe

warped cunmca1' shock tranislates and rotates mntil I' is thr pr o

lert ion,- of hest rorg sltKand I is thle weak shock

Ini equaimor 11-11 termns [11, [21, [3). ai [41 will lit- desi-nalt-d

as I .1 1 3, and 1I Colslidering ) itt-st it rnaY !)(- e-xpic,,sd as-

- (c V ] dH fl- 12

heethe volurne, inidicated 1,) 11 is shown h% H IH andu H. 1?( "1')?

V is delimed it-, thisi manvur 5ccaL:Si.' 3(t h ~ jij;.dat '%oiullt- Xt ill 1)
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considered individually when equation 11 -1 1 is applie-d

Considr tIrm [1] ol equal ion 11- 11 . There are pressure f'res

acting O1! eilt' sUtaces o)f ih c.orntrol violunivt anid the ., i( c l de io1": is

duC to the coiitxol signial. (ori'-,der regi n+ {t, and I13 , i Figuir • l-,

arid it is ev ert that the forces act rig on the surface S5 U  and S5_]

c ancelI be catUse of te axial sni' n ietr'V of thI te unridis! UL Ij(I sLpe'r'sOti1c

flow in the nozzle . The vertical forces on surfaces S 1 , and art

Z e'o. During sWilChing te su,'face pressurvs mn '4-U aiid S4.- at c

conl!in UOtslv changing. Thu, is due to the trarnsialion and rota iOt o1

the upper and lower shocks and the changing cornt ol pressure.

Although the forces produced by tt-ese pressures are oppositely

directe( on the control volumrie, the integral of theii- inagnltudes rav

not cancel during the sw itchtinmg time.

The forces F (t) produced hy the control sig:nals in genu rat nay
C

varyv with timje as indicated schemaiically in Figure Il-h;, The fore{'

rcsulting from the control signal can be divid'd i nto thr Ce rt ginics.

I..'

C 1C

c Ic

I L.
1

l" ur. 1-;. ",al lati<ron .' otu<c ]h-,yu c Ckm 'un , i gnal
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!hc off wuotrol, control Signal l)uildmil, and the lull or finial control

signal . When t<- then cqiation I1- I1 1 lw im

d i i o (

whwh i s the equation tot 5iUadv v sin,_(2 theit sf.,ainii wo.In and

forcs are not chant' wig with 1cslmt i o nit,. \ki(~ 1<

F di - 10t) di -1 3a)

vwre UTi) IS Ohe ILITIt ion which dec- heu thu inannejl in v Ii thu

control signal builds. 1'or 'T < thn

Foi t > t~then a stcad\ flow sit taimi uxc,:n moli i o Owhlt br

IOw uiitcrals of1 he IterrvV .1 V~ J C il...t.... Ik !img eOicS

d ox ogj, sw Ii hin g are Iii

4 1 1

1TV- iligi als ot-! sult e 4 1) ~r; 11o 11, k

shockl transian5 and Imtams Jet t mg\ hi!, 1w a!:i-, i ;3~pa



uquion ill I 1, whiid will bt dulmu asci IV !Mual kl t '0\r bolk

cd' dU'

\~~ ~ d I '

Ow uare tItr l'iY al'\ riin Ol I fi Iix's

Frsonic srtvcaintmu located by 6 (st-c ligtitt 11-7) 1 ruin the

tnodcl ert' inw Ili(- qiarwiiu'- 'assmg krtrngjh lie s naut S 5Harc,

-sin ~,V \wIn 6 - V sil (I [I (o o5,

~41 (a 6i ) - - S d!

thir. m Mach Vu\wkiitii dt-hur i in and trot rg Oi Ow I i!ux (a illllm' r

wlin a(1), I ii~zhpt tiuctil of lie w. ulliamii

l.,,\I '?i 6i 11 (- C)- 2 6 - 11] Is

11 I (a)

.c a'iI it i j ijt if la, ions,
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AI' '1

2I 2

and

D j! T 
1-1(d)

2 tan a

provide a rv'ato'lshlp het\,cn I a nd hw pit siure P The var iablee

is deli ci d in Figure II-7 lrtug als m ,(wi 5t and S 5 ancel !f the5-U' a-13

model ic syrnmetz (at sirii c he xcr t'i al ,.'e( it" components are equal

but Opposite.

1he last nner i vlil 1. Ilirtlnc : IIIt ua flux can (. ross the surfaces

ito the control x ol hie is a( r, ss .. ( I os and S ther IS

flux both in and out Of 1hc' rWg on be ause of e ntrannen: from amabitent

Into the so-(alled iixng i giun As shox n n l igue 11-3 trIere is

rro unitiH flux Into the legiOil iront th' atmosJ)h(i' This nsabs

must also 1e ave, so the atm| ospiheri ilow en tei s and leaves H13

between Ihlie f "4c st" earn boundar y and niouel 1boundary, The total

1niomncltum ilux into the mixing if-gion is th n

2 f 3 H

[ uu uI im
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This mi x ing is difficult to define expli itly arid si mpl [ying ass umpt ions

will be made fi dealing with it

1 e-m [3)J will now be cons idf'red in icl at ion to the surfaces S

S_), S, S4 an1d S, . There is no mo101n10u1n011 uLX out of surfaces S,_ or-
-3' 4 Z

S 'The itegrals 1 3 r these sur-facs thus ate zer-o. The momentum

flux out R 13 through S 3 and R11 through S 3 is between the liree strecam

boundarv and miodcl boundar-y arid is givven by.

-3 p VV 1d s ou VV1
' (is out (it

31 ~ 1 i lt 31 y iot

11-18

This integral is due to t he se ond port ion ol thie nix ing imegion

Integrals 1I and 1 ov cer s urif ac c S 3is the inleg r al of ionientiim inluix

due to the ree i-be flow ff onm the atmo11 ietf:w and s ieSm all1 port W0n

of' the power fluid f t-cmi thrw 1oundarvY layer rri~inL! and f!1()%mfrig outl of

i-egion 113 toguthc- )-w O r 1x z tac arid !(' 11i in 3 is,

3-ds V r)

Which IS the flux out of !lIe (01t11ol \'oltift atlu cixossing O1w sho. ks

I and I' -

Poz surflace S arid c te 111 i~ is1!
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1V33 f [f PV ds + f1 oV V ndsout dt13 Il 1 -U 1S --B

11-20

When shock t tutat-s toward the lower boundary a portion of 'he lower

control volume will coain fluid which has not crossed the lower

shock. This is easy to observe when the apparent shocks are in the

intermediate position shown ii, Figure 11-5. The integral of momen-

tum flux over surfaces 31  and S in equation 11-20 include all the1-U -I3

flux leaving the control volume exit which doesn't cross the apparent

shocks.

Time t has beep designated as the beginning of the switchirL

phenomenon. Between times t1 and t2 the shock angles p and cpU

are changing. Consider the integrals over S1, S2 and S It can be

seen that the values of the integrands of these integrals vary with

time because of the movement of the shocks through the control

volume.

The control volume is determined by P /Pf and K according to

thc locatio,, of the shocks as given by equation 11-6, 11-8 and II- 16(d).

When the control volume is determined computations can be per-

formed to find the switching time of the power fluid from

2+ +I cdt f - (Pd

!ft 1  4-B S4-U y2

(tl [21

L.
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-ft{, ]S313-
p V V ds. + V yV dsPVV dt

yrin i n +fn

-f"[ t fl f
141

') [f pV V ds
0

u + i. V V: ds] di
fy n Su y n ou

rit2 LT -. j V Vndso._jt + f p V dsu]

J tl 13 -

t 2 V V ds + f V V ds o,] d 1 2
y n out Vnot

AnoutTTn...9i

+f t L -U 1-d ]

[7]

The numbered terms are those developed previously and arC dt-,ined

as: [1) the forces acting on the control volume in the v direc tion. 12]

the change of momentum within the control volume from it, :;,it al n

final flow configurations, [3) induced influx of monniu a--c.rus sir

faces S3. [4] primary influx of momentum due to the power fluid and

control fluid, (51 the efflux of entrained fluid and a small portion of

the power fluid, [6] power fluid efflux whose dircclion has been

changed by the shock system, and [7] power fluid efflux whose dir,.c-

tion is not changed in the control volume.

Equation 11-21 is derived in a general form and may I,,. ,S,,d 1,

calculate switching timres in different amplif i s ofu a s imitlai ! 01 ii V
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In applying the equation each term must be evaluated for the partic-

ular model under consideration.

In solving this equation for a switching tirr.e it may be noted that

when the shocks have reached a steady state position the power stream

has switched. Thus if one knew the time required for the shocks to

assume their final position one would have the switching time. The

time At does not appear explicitly in equation 11-21 therefo,-e a numer-

ical scheme of computation utilizing a computer is, in general,

necessary to obtain a solution for 'It.



Il, l)escription of Experimental Apparatus and Methods

A. Apparatus Description, Theory and Arrangement

As mentioned in Section I the purpose of the experiments was to

provide qualitative and quantitative information so that insight inlo the

mechanics of amplifier operation could be gained. To obtain this in-

formation two separate data recording systems were utilized for most

of the tests described in this section. The first of these consisted of

a schlieren system and a high speed camera which recorded the shock

system within the flow photographically. The second data recording

system consisted of pressure transducers, amplifiers and an os( illo-

graph which recorded various pressures of importance within the

amplifier. These data recording systems, in some instances,

furnished information regarding the same phenomenon in two com-

pletely different mariners. For example, from observing the high

speed schlieren film it can be determined when control flow is being

supplied at a particular port and also by which exit the power fluid

leaves the amplifier. This information can also be obtained by

observing the values of pressur-e recirded at the control porls and

exit channels.

The power fluid was either nitrogen, supplied th ough a ina lfold

and pressure reducing valves from standard .,orage botlte.. ,)r

49
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hydrazine, supplied from a hot gas generator. The nitrogen bottle

reservoir was located outside the lest bay which housed the equipment

shown in Figure I1-1. The hydrazine generator was located inside

tlhe test bay close to the model.

'he schlieren photographs were obtained utilizing a six inch

schlieren system manufactured by the Aerolab Supply Company c;

Hyattsville, Md. The components used in these experiments can be

identified in Figure Ill-1 as the light source, two mirrors and knife

edge. This schlieren system and a Ilycai high speed camera were

used to record the shocks and flow system in the amplifier. The light

was supplied as a line source, and diverged to completely cover the

first mirror which had a large radius of curvature. The light source

was placed at the focal point of the first mirror so that the reflected

lighT rays leaving the mirror were parallel. The reflecting surface

of the second mirror was lust covered by the light received from the

first mirror since the rays leaving the first mnirror were parallel.

The second mirror focused the light and reproduced the light source

image at the knife edge which was arranged parallel to the image and

then adjusted to intercept approximately one half the light. Across the

knife edge the light column diverged. The location of the camera was

adjusted such that the image projected on the film would just cover

the film. Thus the six inches shown between he knife odge and cam.

era would be different for difvrent cameras.
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('are was iaken to align 0h, iodel and 1lghl ,,sys,Il such ,hat t11'

model's test L' t ion 'ay in tihe x-.N plain' and thie light coinn Irom the

first imirr'or was perpendcicular to the x-Nv plane The angles - I an(]

a 1 were kept less than I . The light souicte, arid knife edge were

located on opposite sidecs of lht parallel ihigl t i) redut asymnvInetl ol

the i mage ( 19).

'he sehi t-}r svstem makes dens., II gradients visible III terns of

IntenSity of l1Ilutniration. A light nay pa,-1rg through a low Iteld will

be deflected it ther" is a dcr, i;tty gr adtcnt nor mal to lhe light path.

T his deflected i ay may eitl:er pass or be inti k'pted by the knife

edge, which thus di' t, rimr s ii the illuinination is increased or- de-

creased at the position on the screen which this ray should illuminate.

('onsider Figure II1-2(a) whet e the gas flow is two di mensional and tl

c rcle with a do, indicates that the light is contng out of the page as

it leaxes the test section. Now if there is a density gradienl in the '

direction in the viinity of the r av it will be defle ted up or down

depending on the gi aditt-it The boundary la ', I tould be distingti'shed

fron i the supei soit ( flow ftl d, for example. 11 a noi nial shock

exists as shown, and since there is a large gradient a(ross I', the

light rays passing through it will r eceive a .6 de'lect ion iII the

VityruV of the ,;ho k \Aavc'. T'tie gradient+s oh.su r v'ed delpw'nd on the

o reniation of the knife t dgt It the knitre ... ,t , ] -luted along the x

axis then light zays givt n a 6 V(hilek itn a ( passe'd of inter epled

ac(or ding to -hether 1i is p .,I'Ite o rti gatllik
V.
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'he" light y;X'. 11 C (JI('f ( led bh lit dic n.zl' gr adlcliill hc'au c lie

index oI rcf ractton var I es approxIatI y ic'a I v with 11 le dclls t I.

TlhC ildt, x of -tlc I l a( I lot Is du IrI n J a i I i hi t i I I , viI' I', v t

I c) I I m of I Igh1

Flow X ' 6
1) i rQL' lol

] llptlI~g .

lghi Pa

\-I Poun.d? N NoIt ial
LaYer Sho k

(a) I)

lFigmt e 111-2. Il lt ,(b of I)U'l li\ ,radti'it- on I.gtii lavs.

light in a va Lilt]!i 3td V Is Itl ,- \t l tI I I I I I t 'l t l \ ti

TFhe index ci tll l nIi O t llildi " gi-,4t t ion -Ml, t. :1

n- k I i

wher k I is a constanl

lI thianges it) ltgt! Iti(.:tni\ k l3( It( -i ( lo ge'l imilt' I( al

values ol !ht tIa gt - iII lh.Ii!\ I,,, 11isiri 1 gl -t 1 i, lilt It.I

T is Io( v dI w., tain I :-t I n 1 1i 1I In

sW TI m !ig Olt'laiO V a. ,, a ,th I h!-4 I I., ], I.,i '- , i. a
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It was manufactur-ed hy lRed I ,ake I .abor a 'or ies at . anta Clar a, Cal i-

fornia. A MIilli MIite Signal Generatov was; used in conjUnct iOi with

the camera to deter mirie the speed A-,Ii whi h thc event occurws to an

accuracy of %

Signal to
Camor a -im

MIc 1ro
SWII( hSignal to
~wrtch (sc ilograph

1 10 Volt, Recordle r-

:\ C

1ower to 110L
c ame ra A C' M li ie
Motor- ' Power to -Signal

A1mlii Mite Generator

Figure 111-3. lec tric al iuit-CI Of Cia riera and Timing Signal.

A diag-rm of the electrical wiring connected with the camera,

Milli Mite signial genera-tor- and oiscillograph recorder is shown in

Figur-e Ili- 3. With this atrangemient the (aniera and , Lcillograph

recorder 1)0th experieniced the results of the c 1lec Iciial signal, pro-

duced bN 'lte signal generator, at the an mt m Tlie signal pro-

duced reached a niaximuni voltage at ihe ra'.e, of one thousand timecs

per second. A small light bulb in ilh (aim ia was energized by this

srgna'~ l.m bhulb; was positioned such 1hai sotne o1 thc Jilm liarn:,,

which are 1c or difig Ilhc eventr.1 gpl~ havec a smmall area
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exposec. to ,ho light from the Lulb. The number o frtames exposed to

the signal depends on the film speed in the Lamera.

The signal which energized the bilh was also utilized in actuating

a galvanorneter in the oscillograph. Ac tualing the gal anoniteter

caused "pips" to be produced on the oscillograph paper on which the

pressu. e timne record was being recorded. The parallel wiring

system shown in Figure 111-3 made it possible to use the same vultage

signal to encrg ize buth timing light and gal\arionm( ter

As shown in Figure 111-3 the eleclt ( al po~kei to the signal genei -

ator was controlled by a microswitch insid. the . a.ria. The niviro

switch closed after one hundred feet of a t1o hundred toot ili of fillm

had been used. The signal generator was then a''t'ti1ed and began

to produce rie signal which energized the itming ligiiI and galvario-

meter. In practice this arrangement sent a strotng ,ignal To the

oscillograph recorder, which needed ver lilttle pow.cr 1' op)e(ratc the,

galvanorneter producing the ''pips" on t1h( os, illograph paper . Th"

signal to the camera was not strong enough, inin (I.ielkv aft( i the,

generator began operation, to ent:eri ze Oit- li ing lifghli hult). A

bete r Wiring ari ange meni!i imigh have bcet one wh ih sent 11e OutMI1

of the generator ihl ough theW apier a nil( r1 sk it( h b-io (. tw( a ,er a

was urned on. 'lils would ha e allowedti g iw o t t i Aa i ip ! 1 )

that it, maximum ou1lptI (,ould 1,0 d-li" t ] "' h( ti the SWIm. I taS

closed
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Since timning miarks were niot distinguishable on the film a port ion

of the film at a known frame rate was used to obtain shock angles

during the switching process , TIhis Ifilm strip was determined iioni a

speed vs time calibration graph. All the high speed test film was run

with the camiera controls set at an indicatcd 5000 framnes!second A

calibration curve was obtained from film that had been i tin at this

camera. setting and also had the timing light mazrks .'This cur-ve

indicates that approximately fifty feet of a 200 foot roll of film ran at

the constant speed of 3000 framnes per- second This section of the

two hundred foot roll of film was used to obtain the shock-angle vs

time curves of Sect ion IV.

To observe the developed film, a 16 ram protector was Used.

The projector could be operated at the standard speed of 32 frames!

second or the f~lrni could be advanced frame by fj rarne . To obtain data

such as shock angles, free stream boundai ies. scparation position

and the intersection of free stream boundaries withi bhotks, the' Ilm

was vfewed frame hv framre. These values~ -%& i.u i (turded ior all the

_chjieren cinematographLic data obtained, and are presented grapli

cally when possible ini the experimental res ults se( lion.

Shocks and free stream boundaries A' re %-er v faint in sonic aseb

when hydraz ine was the power gas. The gswas ,,ei\ hol a:ndI inl thi

smiall test room th( aC urUl ared gases and iniducedI density gr adients

on the outs ide of t he model redI(--r Owd the vh fl ot pjtiro n;(,fa whi r11

wcrc1- 0( cu Ul Mrg in the. mrode-l. SicewrsonnucI oulo rio! hi, in) ilec
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vicinity of a hot gas test, the knife edge could not he auusted during

the test to improve the initial setting. The pressure recording system

began with pressure pickup, using (onsolidared llectrodynamics

Corporation (C.EC) pressure transducers, The electrical signal

generated was then ainplified with a carrier aniplilfi.r to the desired

value. This signal was then applied io a galvanometer which rotated

according to the applied voltage. A small mirror directed a high

intensity light onto light sensitive p; er, This paper was dr ivcn at a

constant speed so that a pressure-time c ur ve was obtained

Table ll1-i gives the type and mportant characteristi(s of the

equipment used in the pressure recording system.

Table IIl-I Type Pressure },ecordimg 1-;quipment Lmplovcd

Range Nati al Per cent
(pSi) Freque\ i( ps) Ac curacy

Pressure transducer 0 to 25 and 10, 000
CEIC 4-326-0003 0 to 50

Pressure Transducer 0 to 500 and
('.UC" 4 -326 -0006 0 to 1500 10, 000

Galvanometer CtC(f 7-323 1 000
Ci.C 7-326 5, 000

('arrier Amplifier 1-127. 20 C 3, 000 "

frequency response Ila, at 3000 cps with;i

The: complCtc ulvS:ii tcorli'nug Ziil \:, alibi arid al IIIt

fg'lrmifg (- h. c l tesi d-3Y "' :.s . a , a ,,la:;, a ' a I i o;I a:"I(d V.a,
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accomplished in the Mc.oving mannei ,AH0 tr ansduw:rs in the 0 to 25

and 0 to 50 psig range were attachted to a rTWSurC raniod whit h

had a bourdon tube pressure gage as the pressure incamm Ing ntwair(iI

Alli PIT'(~5 I'S V( I %%as app (I" I II f it iidii lld Z11.1 Ilitis '!l gagf 2R t I

licils tiiI 15~ pay "g~an iwaV bud and in 25 im Hg vat umu urn i 20 ini Ig

m a. ivat ed. \\ CI i Lt' at h statin: press;ui e xitas ttltai ut (I iii ,,lilk

giapli rut uvdt was nimi ed arici a Wit"i f stgini 01 tpt 011 m in

;)trC.5SIrc aiIied to tilit indi- iduaI trannouit t is v1 Ai ,i attII= it

Slln itai it K>gui e k14 was inade nom ti~ whe tX~ili "tMtn>x~ it ow

,pat tc, between ca( h dvfltA I= aru sWKim)i~iiti d intai Iv

- ~~I psi1

T 1)00to T11000

(T-t oa m K
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In Fi'gure 111-5 the positions of pertinent flow dimensions of the

modIel are indicated and in Table 11I-2 d imerisons of importance arc

tabulated. In Table 111-3 the significant n'odel areas and area ratios

are tabulated. l,'igue Il1-6 shows a draing o the model assembled

for testing.

Fable 11M-2. Model iim( nsions

All dimensions are in inches.

ihroat diameter - 0.0745 4 0,0001

Diameter at exit of round nozzle - 0.323 0.002

Vertical dimension of the flow path at control poit 0.310 0.003

Thickness of flow channel - 0.314 - 0.0005

Top exit - 0.314 4 0.0003 bv 0.420 4 0003

lott)m exit - 0.314 4 0 0005byO.420 - 0.003

Entrance to top channel - 0.314 _ 0.0003 1v 0.430 - 0.003

Entrance to bottom channel - 0.314 0 0003 hv 0 430 " 0.00,5

Diameter of static pressure openings - 0.040 - 0 0005

Diameter of pipe !eading to model throat - 0. 10 - 0.002

Control port throat - 0.314 ' 0.003 b.v 0 048 0.00-
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Table 111-3. Model Areas and Area Hat os

.) )

Area of control port (A ) 0.314 x 0.048 1 .51 x 10

-- 3
Area of nozzle throat (A . - (0.0745) 4.35 x 10 111

t 4

Area of no'zle exit (\) - (0. 323) 8 20 x 10 in
n 4

1 2
Area of channel exits (A ) 0,420 x 0.314 - 1.32 x 10 it)e x

Area of entrance to channels (A, ) 0.430 x 0 314
e n

*-l 2
1. .3 x 10 in

Nozzle half angle 14 .0

13 . Model D.es( riplion

In performing the experimental work ate was taken to follow

proredures which made thc results of the exp I mi(t! r.palahlc and

ameanable to analysis. The purpos' (A this ( I1oil iS 1o (i'.t ! Ii lh

the model, each exper iment and i he met h ds alld i ot ( iLII CS V'r np ¢)IOV4-d

in performing these tests.

The expansion nozzl. trom) the stagnation t lainiier tCe po.- ro

U-c and 13-c was axlsvnilnetri-al and (. on al , ii h a non i;,ii xrlcn

sion ratio (A / I ) of 1" and a half angle o1 cx ansjon (oI 14". litn

con'rol por's the cross se( t ion is dis (onl ' lflUoti i i t, i[ i I

this position to elther exit is r1 angulai - J O-ittOil iis thi spuiiw!

ip Iwhi I is Ithe g l i n rg ()l Ot .('11a .11'' O Lal l - J-,i I: - ii

different positions tot x,.hit h i ,bi lt', U ,.-ll )I]( Ill, it n ,

In the t. tsa . 1 - . 13 1. 1-2 '' I-I t F- ,



Figure 111-6. Model Assemnbled for Teating
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pickupJ at 1 )OSVICi1f It-n was intiballed, afit tht, main eXperiri os had

beeni pezrforined, to dteter-minie additional inlor mtion Ii this vit nitY

when the an p1 ifiev was oiwxalt'd InI i1S his! abIC I CgII ion ) 1it %.o ot1 Ol

flow.

'he flowv L zoss- scc tion I r ()Ii Ili(t conwi 01 ):-ii n lt) 1 eat IIi thaiice

exit was visihle bet ausc glass Aas uised as tIh( Ilox cha~diel " ide(

Nvalls .Thu' upper, anid low-r- chainel 6". lsanld ihe -Spi i1c) ti tt I iot)

Wer-e sandwiched betwccen one( half int.1 It hi k gI,--i ails X\ [IiiL

visualization methods it was then pobsihb( to olk-'t I Ile , iolowk and

shock patternts. P~osit ions U-v and Hi v We~i I 0 i'Lliial ll 1111,di d to1m

xceits to thie atmoslter butI Were cloutd hc aust thue onlY -r I (

piiio ; when O1w amipl ii supplws he on Loll ) Sigtiial !()I aim i I-

stage.,

Ihere0 Were seve!i rusts, 01 re l (Ss Iv 1 fol IMit (1it 11ii

mo1de.l shOwn1 InI Figure Ill-ti ltc1l t. assettlrl 101 ( (1, 1( '! Illi'

mnodl was . hvcke'd csub~aflt to iiI<sur ( th.in Hite t11it Uiti iIju jQ.'skei>

which seal the flow ,hamik-elslo ille gias- -idu k"I I.~ \'.i i ok,!I~

AIfer vat. tt ilhe miodel was" (uc eihi d ifl 0 (i I I. I( ,,11-1

glass wvalls, and this I Cinl' esiilt~d i:n Jdarag. to) Ilhe Ililno-:'

\'cui th l n odel was e abSUeilbled J c 1 - 1 o 1.1 -1 1]: Iig lX% () Fil

J)osi iof itig hlot ks in e is ctd into( I lie upj:) Ii. ! * I * i I f .m ill

prs~ tfsc~ ir-miv againtis !ittr ixo oh), r k- m . N1t ict"ihrih fit

iiij" 6iO , (iiarlle' I tt I 5 '1%S ijtf( Il l it ;, c.. H .' o -i
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atiiosiihe ric air dlid no, leak into the low pressure I low regions

Nitrogen was always used as the control signal gas and was used

as the power fluid except for two tests Ii which hydirazine was used as

flu' p)ower fluid. ReSltIs Of 0hU tests areC given InI Sect ion IV .

Test series I - Amplifier Hias lDvterminat ion

Description of test conditions -No control flow was used.

Purpose of tests - Ranges of supply pressure were investigated to

determiine whether thle model exhiibited tendenc ies to flow Out C10)hey

he upper or lower ChannIlel eX Lts.

Test procedure - T1he power fluid was incr'eased bothl slowly arid

rap~idly to determnine if 1 P / b would cause any bias. Pressures

were recorded manually when significant and the reason for the

significance was also recorded.

lecst series 2 - tDetern mat ion Of B Liahie Rangu

lDesc rip1ion of test cond it ions - With no control flow or pressure

signal applied the prvssures at 13-n, 13-c, 13- 1, U'- c, B-cx and I'-cx

were recordcd as thc chianU-Oafi~sue P was slowly increased.

Purpose of' tests - This test was performed to M1 demonst rate the

histalbilitY of thle amplifier and (2) to obtain a record of the pressures

created at the positons I3tn, B3cI- 1, and U-( arid (3) to detei Omic

thte aMIilifier's bistaible range. P'ressures at H- cx and li'-ex idcrit fv

theC Ou11t flow exit

'ic '; m' o(eiii c - (1) The, osuillograih was stay ted and (2) Hte power
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fluid (nitrogen) supply pressure was slowly increased as the experi-

rnenter closed the bottom exit (1l-ex) with his hand to force the flow

out the upper exit (U-ex). When the P was reached for which the0

power flow would continue to flow out U-ex without the aid of the

experimenter's hand, the hand was removed. P0 was increased0

slowly from this pressure, for which flow was steady, stable and

leaving the model from U-ex, until the flow split. '[his same pro-

cedure was followed when the flow was forced out 13 -ex.

Test series 3 - Oil Plow Pattern on Glass Side Walls

Description of test conditions - Patterns were observed both with and

without control flow. No pressures were recorded except P 0

Purpose of tests - 3y observing the manner in which the flow near the

glass walls forced the oil to flow on the glass walls some character-

istics of flow in the main stream could he ascerlained.

'lest procedure - The power flow was directed out an exit hv using a

control flow, or by hand, and oil was injected in the other exit

channel. The flow patterns on the glass walls were observed and

'ti',oidvd b6y hand. This procedure was pcrforn-ed in iu hil sabl

range with and without control flow.

Test series 4 - Slow Speed Switching, ,'old Power Gas

D)escripiion of test conditions - Solenoid valves we ic used to actuatc

the control signal. Pressures were recordted at { t lloliS | t ' , I

U - 2, U-ex, 13-c, 13-1, 13-z, l3-ex. l' , and I. High spct-d (5000
L
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frames per sec) schlieren motion pictures were taken of the switching

phenomena. The power gas (nitrogen) stagnation temperature was

essentially the same as ambient (these are referred to as cold gas

Lests) .

P.urpose of tests - The 3chlieren motion pictures and the pressure

data were recorded during a switching process. Later the pictares

were observed at a greatly reduced speed and also analyzed as stat-

ionary frames so a better understanding of the switching phenomena

could be formed.

Test proceduro - The schlieren light system was arranged as shown

in Figure II- 1 and the high speed camera adjusted and loaded with

film. The solenoid valves were wired through a single switch so that

one of the valves was open while the other was closed and vice-versa

Thus with the equipment preliminaries satisfied, the high pressure

nitrogen source was r,.guta'ed down until the desired chamber pres-

sure, for which the test was to be run, was achieved. .Next the

solenoid valve switch wai operated by hand at the rate of two or

thre : cycles per second, AfTer the model was operating, the os( illo

graph recording mechanism was started and immediately thereafter

the camera and timing system (see _Ftgure Il1-3) were started. When

a two hundred foot roli of film had been run through the camera tn"

power gas, control gas and pressure recording system were turned

off. The fi lnm was identified arid stored for ro uc~ton at a later time.

This procedure wad. performed for chajib.r pressures of 1200, 1000,
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800, 600 and 250 psig.

'Ve.st series 5 - High Speed Switching, Cl oe a

IDescriA ion of tes! conditions - luer ic osc i)laoi , was used to pro-

duce Ohe cont rol signal in this test so that there were no mechanw al

operations occurring anywhere in the contr ol flow path . PressurIes

were recorded at the same positions in this test as in test 4, and

schlieren mot ion pr( t ureb we-re obtained in an identical marnner.

Again thie test was cssnimally a (old gas test

Test procedures - Tne schliviren I ight sl st t) and ( amt'ra systemn

procedures were identio a' to 111host O~litiied in tc!sT 4 'Jest 5 was run

for chamb.er pres:survs of 1200, 1000, 800, anid u00 psig.

'lest series 06 Slow S-pC.ed Sw tc hing H ot Power G1as

Descr iption of test - T he Sole nui1d V akCS Of it. St -I eIc Sed to n( t ua e

the control flow . Prussm( nc) eist ing a' Ohe sane )(- poitous as in test 4

were again rccot ded andl high speedc ,(hlIjcren photographs vkuri again

taken. he p)ower gas Wa piJOd u ed 1 i' h a hdzinC generatom

Liquid hyd~crazinie (N, If ) was forcd tilo a steel miessuic (halerJ'l~~
2 4

hecated initiallyv with1 an elct rical coil to appi otinlati 1.v 1200 1

IIlu itecmperiatlure C aUsed hfe li vcira m inc tovapori jz a rid dcl onnpose

linto NHl H. andi N,) in pvz entages %l;I-t~ var,. a(.oi ding to the( gas

c m. pe an, u .c hel( decoirpos1ti onl of ti( gzos Ilat t litI gv whol 11

increased I t-I tmi)erature t oi thec gas Itw.i.g i t gfulIe ai or-t appi Ox I-

niately 1700 to 3800" F at a pressure of aho :l 1400 p -g
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Test prot eduirv - The 1light sysivnm ai i ange riete was idunt ital to Ihat

in ltests 4 arid 5, The ( anefra. systemi was ident i(al except a remote

corit ol switc h was added iithe w camera, Afteir all ft nal adjustit rit s

in the vi i nitY of the mnodel wer ri adle all per sotirwi left the area. of

the niodel strzve tie hyd razine gas is exit ri danger ous .The hot

gas generator, was started by a qualified operator inside the control

rooin TYhe contr-ol flow was also w-luaied 10 pr event overhecating some

part of Iic model , Whv'ii the des reCd (h, IIIIeI rI prS _ 70ur roThe model

was achieved anid the hot gas gene-rator Aas oper-ating in a steady

state corn] 0ion the pr essure c-ord 'ng was begun andl the ca trwra

star-ted .When the 200 feet of filmn had ruLn thr ough the camer a (less

than two seconds) Ihe hot gas generator anid pressm ti , e ordrttg ,.sysern

we re sltopped .Filmn anid pi eSSUrt data 1), oceSS mg 1) 0 oCedUres were

he samnit as iri test 4 . e s s we re p: !ii rirued for (ha nibe r preCs s u res

of 1250. 1150. 1000 800 and 600 psig

Fest ser ieS 7 - Hfigh S-peied Sw.It(hirig 11o: PO'A.r ("Izi

1erittori ot Test 11he os4rjillator des(i t hud it) tst 5i a( muated the

ton-vol flow in this test - As in te ) Ific hes he ieri arnd ca~er a svsteni

adjustimiis wcre kcunplotecd arnd ali jp] ,ormrcl ( heared Itorn thle tet~b

area. T1w hot gas go.-nur alig svsteni as dsi bhcd in test 6. Nka!

used( Inl this teSt

Test pIf 0( egiir *' - 10?(aUSe Or IMC me lirniaiio j)rtlv one. testI Nas'om-

p Ltd S trg h110 gas arad t1he. ().( illior 'Iu 11 s vr3 formed ai a

lhari.6cr ptt~i-.Ur( or 1000 '~ig Jt )if i p d ((ul( ir. 7( vt as- (5t;erI



liali)y Ifi same a8 that of est 6i cxcpt 101 thc dillcrciit rinetltou of

aCt UatIrIg the cont ml flow

r. -ep! 'oj minor adjust ntnt~s, lests 4 5 (; and i werc alt

coflductIed in t he s ame ate a W1thout ;rIfy ( Ilarig( IrI I [it, I ig I I of k aller a



A vcnipli pi ograri inl of pm 1.t 11l; fit hi1is? b~c ana]Nvis of

sC' t ion1 11. W A. rIt It n1 1() ';k C 'II t ' I! I i t III.n It, e N A A ~

M\ and 1' /1'. b Y vax virg '111 ' tis uaritiis havc h(ciJ

CFIlcuhit(li tot thet i 1 l 11 IIILI MiS., 11)(' In Se t Iifl iI1 I 11h Value L SOf k

1 4 0. 1,3 6. 1. 32, 1 .28 1 -14 1 .20 . T he II pi ani uses ail fite rat ive

process to solve inr values ol Poll' v Ahwih s,0tiNV C';Uat ons 1W6,

presen led a nd con) pared to t lIwo; (-i a I .t J\Z I mi :-If 1 1 of lowA rig devt Ilop

rnenis when appli cable

Test Se ries_ 1 - A'\mpl if ier Bias D)ete rmi nation

No c onls i s tet 1) 1 as w, a., obsecrved o I ! 111 p I Yp1 r c it!I e s aboveu

2 00 p sig thle 11ow a 1)i-) o, I i a ItcIy s pIt W.-tw(. thIk'e WCO C XItIS . 10IAt b~eg II

niatter was deposited alonig ont. bui Aaiy thle f 1o~k ten rded to go out 1 lie

opposite exit I , )i1 21 did not ~i i.I thc x!l bY %kll( ti the V)V.( I tiuLid

Iell the( vnod(- I

J le s t 1t i 2 D~e t ( .flin i I on ti I.a h Ia ge

r (.a( hOr" the 1) tI ~ 111 V. fit'] IlV I n LM t O t 1 itt I Ih( tilli I o) l0V I k v, 4

p:nii g t ti It f tI j, lI t0 i Itl 1)I %% p.-') ig . hgu I- It zI'lV.5 l

00 1 P iok
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pressure variations in each control port vicinity with the supply

pressure when the power fluid was initially forced out the upper exit

for three scparate tests. Similar results were obtained when the

power flow was forced out the lower exit.

Test Series 3 - Oil Flow Pattern on Glass Side Walls

The oil flow patterns observed on the glass walls were essentially

the same with or without control flow. When control flow was used

the effects of its vertical velocity were apparent in the control port

region.

Many different camera techniques were tried in attempts to record

the flow patterns photographically. These attempts were not success-

ful because the cameras anJ photographic equipment available were

not adequate.

Although photographs of the flow patterns were not obtained the

patterns observed helped in formulating the flow separaion model

showr in Figures 11-3 and 11-4. The line in the figure indicated bY 0
appeared as a thin circumferential ring of carbon around the nozzle

boundary. As the supply pressure was increased this carbon ring

approached the exit of the conical nozzle.

Wher. the power flow was directed out the uppel (.xit. carbtri

particles on the glass walls indicated this, Ai fro in he altrno p,),wai

waL detected entering the lower exit as it flowed pIas the expe.r ,mti-

ter's hand, which was held in this vicinitv. Graphitc pail mil indi-

cated that this reverse flow was entrained by the pwei sixt~ai,, a,, ,

left the model by the upper exit.
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Test Series 4 - Slow Speed Switching, Cold Power Gas

Solenoid valves were used as the control flow actuators so that it

could be certain that control flow came from only one control port.

Since the power that actuated the solenoid valves was controlled

manually with a toggle switch, switching speed was on the order of two

or three cycles per second. The high speed film data indicates long

periods of steady state operation, which is confirmed by the oscillo-

graph data.

Data obtained during the switching of the power jet are not ana-

lyzed because the solenoid valves bounce off their seats when closing.

This is apparent from the film because of the oscillation of the power

)et and also from the variations of the control pressure signal re-

corded by the oscillograph. Since the aP /t was not always positivec

during switching, when using the solenoid valves, the shock angles

versus time data were not taken from the film. Values of P I P
0 C

versus the strong shock angle, reduced from portions of the film and

oscillograph records when the model operated at steady state, are

plotted on Figure IV-8.

Test Series 5 - High Speed Switching, Cold Power Gas

The flueric oscillator supplied a control signal such that the value

of P increased approximately linearly with time. P usually reached
c c

a value between one third and one half of the total switching time, that

was held until the switching was complete. Figures IV-10, 11, 13 and

14 show plots of P and shock angles versus time for the variousc
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supply pressures. Both PC and p are plotted versus the same timeC

scale in each figure. It can be seen that P reached a steady valuec

before the shock angles stop changing. Figures IV-16 and 17 show

photographic switching sequences for supply pressures of 1200 and

1000 psig.

The information presented in Figures iV- 10, IV- 11, IV- 16 and

IV- i7 is representative of the data which was helpful in formulating

the flow model and equations to describe steady state flow and the

switching process. These figures are discussed further when specific

points are discussed in connection with the flow model and equations.

Test Series 6 - Slow Speed Switching, Hot Power Gas

The objective of these tests was to determine the same type

information as recorded in Test Series 4. Again the solenoid valvs

displayed poor seating characteristics. Thus since the clarity of the

photographic data was also very poor this data was not analyzed.

Test Series 7 - High Speed Switching, Hot Power Gas

Only orie high speed switching test at a supply priessure of 1000

psig was completed satisfactorily. Data from the oscillograph record

is plotted in Figure IV-12. A photographic switching sequence smil-

lar to those of Figures IV-16 and IV-17 are not shown here because

all clarity of details is lost when going through the necessary repro

duction processes. Results of this test are compared to the flow

model and the cold gas tebts when possible it , the following dis( Us-

s ion.
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Figure IV- 1 shows the area ratio at separation as a function of

Po/Pf which was chosen as the independent variable since this ratio,

for any particular model geometry, is known to affect the separation

position. As P /Pf increases, the separation region moves closer

to the nozzle exit. This phenomenon was observed experimentally by

the author and Mr. B. J. Clayton of the U. S. Army Missile Command

when running test series 3 during which an oil-graphite solution was

injected into the amplifier and Po/P was varied by varying P . The
0 f 0,

stagnation region in the nozzle was visible because of the light circum-

ferential ring of carbon formed on the nozzle boundary. Referring to

Figure 11-3 one can see that both upstream and downstream of the

separation region there is flow near the boundary and toward the

region. Thus the separation region is the only region where the

carbon particles can remain at -cZt.

li can be seen from Figure IV-I that for any value of P /P the
o f

area ratio at separation, A I/A , increases as k decreases. The

estimated value of k for gaseous atihydrous hydrazine is 1.29. and

there is uncertainty in this value. The uncertainty is due partially

to the unknown dissociation and its affect on the value of k. Assuming

the average value of k 1 .29 then hydrazine will separate farther

downstream of the nozzle throat than will nitrogen under the same

conditions. One thus can deduce that each has its 1o /Pf range of

operation. It ran also be seen that the differenct: in A/A between

different k values increases as P /P increases. With X defined as
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the distance from the nozzle throat to the separation position a plot of

X.I against 11 IP fwould be expected to yield a trend similar to that in

Figure lV-4. The calculated curves of Figure IV-2 confirm this.

The experiental N Ivalutes plot ted on the samec graph inidicate a si in i-

lar trend although it can be seeni that a line connecting the nitrogen

and hydrazine points would cross thec curves for, different k values.

A chiange in P 0I/P may affect the temperature arid percent dissocia-

tion of hydi-az ine and] thereby cause a resulting changt, in k which is

indicated in Figure I V- 2 bi typc variat ion iricai ed by- thle expe rl

mental points for nitrogcrn is not eXpec lcd. ') he var iaiiori between

calculated and experimental values could bec due to the reduction in

cross section of tuie imiscid flow region caused by boun11darY layer

growth. This red uC1t on was ne(glected n the hiisi abe tcheo rv. de velop-

men.. 'Ihc figure insert on Figure IV -2 shows how thie b)oundary layer

build- up can cause error iii the c al Uila~ d andI expur.1iiiieni1al valucis of'

X anid %IM. Althbough calculations uIsing 11ie hi 3 taidtc theory indicate

the flow should separate at N Ithe gr'owth Of tile b)oundary laxer

reduces the effective- area for flow an(] thbuS the art ual separai ion

position is at N,

T[he experi mental values of' N Iwere obtained g raphlically in the

follo.wing Manner. IUsing pJe10(ct Ions 0o' OhW SCihIlti U1II Ilu, a Ine1f,

tangcrnt to the shock ai thw nozzli- cx it, was piojticd to tin tozzlc

boundary. The distance from this micirsectm i)1 i hi 1071 thiiial,

Ieasured parallel to thec model axis, was ?tI4 rxpiir-miii;aI N
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Figures lV-16 through IV-22 show reproductions of photographs made

from the 16 mm film. Film of this type was used to obtain the values

of N . , arid P U Since the experimental value of NI for nitrogen

and P / Pf 93 .J lies close to the k - 1 .40 curve but departs fron this
o

curve as _. decreases, iT can be seen that the accuracy of the shock

projection mf-rhod decreases as the intersection .OSHLiOTI moves

nearer the nozzle throat.

Figures I.-3 and IV-4 indicate The calculated Math Number in

the vicinity of the separation region and also the values of f' P and

Pi/Pf respectively, at which the flow separates. Both figures indi-

cate that as Pf is lowered the separation Mach Number increases for

a given fluid, At high altitudes this might req'ire an increase in

control signal pressure to insure ampliier operation.

Figu.'e iV-'; shows the relation betweer the pressure ratio P !Pf

and the angle the oblique shock makes with the nmudel's boandary

These angles are calculated downstream of the separation position

and outside the bounoary laver. Fron. these curves it can he seen

.hat p decreas-s as 11P f increases. 'Ihus, even ,f the separation

region is fixed, there is sonie ' /I'-) for any amplifier fur
0 max

which the angle T ,s too si.all to direct the fIree stream boundary

past the splziter ttp. As '/1 ' - decreases r,; increases and will / I f)

becoine normal to the frer' strearn boundaryV foi sonme valije (P "

"or cp,, we know that the streamline dii"ectfun a- un:Chai-ged and

fur g N Aa the ofirecioU 01 the free stream !,our.da:-v is changed

LN
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only slightly. Thus, foI- the values of (W' /P ) Ilhere is some lower

l1rn1it (W o/If)ntn' for which the amplifier will be )tstable. Figure

IV-6 shows expei mienitallv Ohai (for ' - 14 .4 psi a)• at n:

/P' /I'.) I I /' ) 614.4/13,0 47.2
0 1 miI 0 C

and

(J) ' ) M 1414.4/13.0 101o 1 mtax

where P is measured in the ic inity ol ite.gion f These values ' ould
C

vary for dilferent auplifivers

Hough calculations of 8 for bistability or- geometrical consider-

00

a,,.ots alom,: reqwr:-v ,ha, F Mil-21 °  'his \'alUe Of 8 i was cal-

culated for the following conditions: o, 14 0 , 0 /: P / 10 t:- o a

1414/14 .4, the separation posit ion is deterrnned using the bisitable

analysis and the splitter tip position is lo( ated 1 .23 ches trom the

separation position It is aiso assumed joi this calculalion iia, the

flee Stiealli bouiidary appoxi a:tes a btraighi line ii om separaiioll

to the spliter tip. 8 ohtained froi r-esults of the histable analysis in

Section 11 predict values in te ne ghborliood Of P'( .5 i. .i nu-. Ii has

been observed experiientallv that flow in the amplilier is stable for

P' 1P a 1414/14.4. then ii (an bc seen lha! tliE tisahl, analy'sis pie
o a

di ts a smaller range ol 1o' Pa than Ihat lo A h i( h ilow it, the. amp I
o a

hler is bistatle.
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Probably the Ma or Cause' Of the diisagi veiiient in the Cale Ulated

and experimentally observed e values is that no ( ons idet'ation was

gi~ el to the reduCtlin Of Cross -Sect ional a rea avail able for flow due

to boundary layci gi owtli inIl th iniail aiialvsis forination In Is

disseriation Duffy (7) dc-lr inus the boundary layer thickness along

the wall 01 a 15() halt angle conic-al iio.,le bY tlijor etical. approxiia-

ion and al.so exper iniuntal ly Ills plots ot data indicate that the

boundai y layer in( I eases a ppi oxii i t-'lv I inc ail I Ii oin the Ili coat

Asumling tile b)OUndarY layvei ine othtaiL, wil an air I)IplvUrSSUre

ofi 1000 psig is simlilar to the out( obtained will) niij ogun, anid the

streamline betwe en thec boundaryv layer and invisicid flow is the(

deflec ted free str-eam bounIdary then b 17( is ol,~ai nd, whi chI

is much closer to the calCullated v.alue t) I I h 5U fh#ll'se ( ale-Ul -

ations indicate thfat the boujndary layeri gi owi i is a s igii ari! jiielari-

isrn in tbistathility

No geoniet tal consid!ratijons Ius I 11, !J si h iI niust

be above Sonie value (11 !'P I) t() m1Ala nti sb'How as thec

sjtlittel ipl placemient juqu ires a I'nI I bclov.I]'( 11 ) lla Pic

fixed position o1 tilt iliod('l's (ltlii oltpo is togtiiwi x& Hli thec tat tha;

color i oI flow will flow ai (Wld 3 powerl sl I( all %kill( 11 does. Ti01 till the(

flow area, pre vented a rieaniigiul (XJ) I Ill:(c it;J 1:C, igal I ' )It

phenonillenon i)llilts 1 ) 1 J) igloll ix. I i l sl als 'i! itI

1Figuire ]\-3 shown~s tilt, gt-ri( r , a.r 1-!):( lt i ( I 1ii 1t:1lh

duteu W d vallics 0! 1 P 6riu 'k i Ii lh kI I 1 41f t I .I ~(
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f, On' the bis table t heory of Section 11 PC is the stagnation press ure

of the control signal and this control s igr,w corresponds to the s hock

angle designated as T Ma and is the second coordinate, dutei mnin ig

thie experimental points .

FigUre IV- PShows the plot of exper Iimental ,alues of P./P J

vers us (H -1M r)( N 2 13r Is the distance between the firs, free

streCall boundary- shock Intersection and the spl itter tip. XN I N isI he~Ii( distance from 'nhe nozzle t hr-oat to the se parat ion regiton,.'i

Information could be of help in determrining split ter tip posit ions for

simiilar amplifiers.

Firgures IV- 10, 1 1, 121, 13, and 14 show the experimental values

of the upper (w ) and lower (T ) shock angles during the time when
U 13

the power streamn is switching. These five figuires also Show a repre-

sentative partial cN'cle of the control pressures recorded at Ui-c and

13-c . Full cy c plots of P1 U ) 13, and 1P are inlded.

)ince syncronizatiozi between filmn and oscillograph daia was not

& hieved, a representative pressure2 Cyclc was chosen to show the

relation between control pressure rise and thie shoc-k angle miagnitude

during switching. InI all cases the beginning of switching is defined

as the' ii when the shock angle with the smiallcesl magniude hu -, is

to inc reas i . 1 is defined Int this nianne r because- when a con iizol flow

IS used to switch theC powe~r Stream thie smialler shock angles increcasc

a:S t 1ilotICA i Lire mm ase s. Fo r e xamp] e it thu powul s t rean

switches frol; the lower1 to theu uppe)r exhausti hlianllcS, then th OWer1
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shock arigi vs m ust r ne ra-e i~ls contreul flow 1b I ni"lat ud The end ofI

6wiichtig will be Jet ted az- lik 1,ii .k-Nn ail sho k atigih ea

ceascs.

Two itiiv scales are- u; lZed ei.i FLIgurcs 1\ 0 tV 1. a'd I V- 1I

]the sicale for the shock ang~les and co o rs L .zf uitt i!2s

gTreate r than the sc-ale f or, the exhaust pools an-2 all pr c'- se c

V alues of shock angles and conitrol p rctss, ores are shzown tci v

part of th'- ti mie cycle whlen the power-s c r~ i ih

unper to lower and from the lower, to uppci c xo Is arac ter1is t es; c

ihe pressures from the osc~llograph (hart( hav been showa on i hcze

plots .These show, for example -cont :-(l pre(!S ire r ise v-~r-sis Imwo

as nearly a strai ght line, pressuore variailoris about the final maxiin_

or niinirrUrII pressures, oscillator ( iara teris~ ;cs :su( h a6 the pa;! iat

rise of control pressLUre Wi1th a 11ime lag al ;hi- pr -ssur' ivid iterilth.

iin: l jtL.,5!it rise anrid Lti oii~ iIit *tt i [JI t- _51i1 _ vS H IIW I),%ple~

'Liull (\CI Ol f jWQSStU-.- rCor de'd lI' exi it i x

pr-soctiansducc-r s at 1--i and( H-] ate shiwn im 1hru tiipj l,.0

i-arK!;I( Suje t',el( 101 u wi o all tul i c-: a jaI at tilt-

sti ii rj also i't ~( 'i as "k'()ild 1ic) xi' tc-d Wha!li w 55 1)cSi

1'e'spoulse r'. Idd 1).% thec wall tu atrsdu( s r I andtt lag

the ( ont rol !Itesrs P : note d a* 'Lill- ptit tnat tHeL pitots wcre

inade ol sitiple itibing . -I'lie 0oj igIt the f 5t\ Iti (xliauit

exiIs was [v'), Iig dl\ tiXe'd arid OILe hr Ljr]S~jll( ( I trsn ii etis
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pressures were riot calhiated sinlce qualativo ciata only was required

oft thurn

Pojsit ive and utogamv i t 001 I)ii ll uoI ';'u i'Udf'!Ine % \'heI I III

amplawfir exhIIia poSttivv conrtol We powur mmw leves tN, arnplafir

(111 t- o1 pposm' hicsdt imu w(11\h(2h On ( ill iul sigil in attppied Fo r

exarvrde, if the lower control port i21)lis fav , "Wcl Hilyitil ten

Ih- J)ovi'i flowv lumpsf5 'i aiplihoi~r nomfl 1, tW- m uxnaumC tt i hamw~l.

Neg.atm in (ol nis & iec rs mi busmr ,' rit Va hfIe I h( lower

Cnft( i [10t'l SLlI1hO~ lhC c'fiol i a t l.hlt t I Iild lcavcii thll

ailatir frim tne loweur e'xhausi i'Ohifl\ t ann iol is dumnm ,ra td

mn ligure IV- 10, lv- I and W\-14. Nua vccn,-,v is uenmnz-11at('d

I n P'ig urc I\- 1 3 anId I-15 . Y p oI IV - 121 anc (aa i c o! a i. aO

when the puower stearnl was rn' 1InlJ\ ( orinAl-

ol" I inur t If ' 111 -c 1 0 1r14 1 )1' ", Lh L 111 1 (1 1 ) I 1, I)~. i,

tu"11011 PON IS 1" It l aIn td On tit 11gb q"f LAI Lh tilC n l; I I Ol.

ir( film I I 7,1'-' ' A ti, ,,ho k -ia llso li' i 1)k

P) dec raasc a: in is , o I hent .,9 a~ cl I liii II a I, n

liqlr A'- 10 a I an W a1) Om WeI 1 "J"C H olji ci m H E ( oi x In PI 1-9

thai t:, wNheni w I l c a (\a; 1hli a11pIi 1 1'; 1 -t x 1 i u

ULA 'IVi -x anj m I mit ) I i ' no t a, It iat Y, h, hil m~ pa i I Io~ 1, a%

1~causuCC lJ a I.Iiglii iZaligl~iu I1" ' L ~ :h '' 1.i i x .- iI a 1.

L
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possibly be a little rougher than the lower- surface. If the upper

surface were rougher this would cause an additional pressure dis-

turbance in this overexpanded flow region that would affect the flow

to a greater degree than if the stream were not overexpanded. The

bias is more apparent in Figure IV- 11 where thc slight conitrol

pressure difference indicates that v 1 for flow out U -vx should be

larger than cp when flow is out 13 -ex.

The second bar from the time Scale origi11 Of Fi-gurIe IV- 10

represents the t ime when the upper control flow, can last he detected

on the schlieren film . It can be seen that the upper control flow con-

inues for approximately eight teniths of a millisecond after the lower-

control pressure begins. Because of this lag in upper control shut

off, it can be determined from the cp- t graphs *!hat the sw itchting o; t he

power fluid from 13-ex to U -ex takes longer. This same control

pressure lag can be seen in Figu re IV - 1". It may lie noted in I'igures

IV - 10 and IV - 12 that the shock angles do not beoeequal or change,

apprec iably, as might be expected, wheii the pressure in the on 'onl-

!ro-l po-rt bcgins ',, dvc rtase betoreC posiive11-01o prcSsuru is

supplied from the other port . [his !6 due to the reve rst flow !romn

the atmosphere which constrains the power streari- to flowA out thle

same exit until the pressure differential which exists littwcun the

upper and lower- boundaries! is de sIroved, In rca iv vthe me i nO

the control pressure after the, pow'er stream has sw it etid would

insutre the ease of thc -.cx, sw tc ii as,. can be seen from ithe (P s1

curves.
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Figure IV- II shows the same type data plots for a chamber pres-

sure of P 0= 100 psig and nttrogen as the power gas. Observations

sinillar to those made about Figure IV- 10 for which P' - 1200 pslg0

can also be made for the plot of data representing this test. Figure

IV-12 is another plot of this type data for P = 1000 psig and hydra-O

zine as the power gas. The first half cycle shown, when the power

stream switches from the upper to lower exits, occlrs normally

except for the reduction of the bottom control pressure (P 3c) before

the upper control pressure (P uex) begins to increase. Even if this

occurs, as noted previously the angles do not change because of the

reverse flow from the atmosphere until PU-c begins to increase and

destroy the low pressure region at the upper flow boundary. The

second half cycle shows the reverse oscillator characteristic. 11 _c

builds to its final value before P ,. begins to decrease. Although

the upper shock angle reaches a stable value two tenths millisecond

later than the lower shock angle tilere is little apparent affect on ti,

shock angles whir-'h co. ld not be ex.tiia d by error in data reductlon.

The apparent delayed reduction in PU-c should delay the reduction in

! UThis does not happen. On the contrary the hydrazine power
U,

fluid was switched bv the control flow smoothly, as is indicated lb

watching the higl speed schlieren filmn and the plot of the shock angles

taken fron, this filr,. There !s six-tenths millti se rond between th

bcgldnning of rise of 1P and fall of ' U-c' hi appe-ars tna

there should be about a six'-ttnjths mill isecond delay between !he
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beg inning of rise in v arid the beginning of fall of cp In no other

test does the oscillator display this character-istic in actuating the

co-.ntrol signal, and W-, men!tioned prey iouslY. there was onily one hot gas

test performed with the oscillator used as the corrol signal actuator.

Although it is p(-sidle to adjust the obcillator- SuIch that this tYpe'

control signal is generated, no explanat ion is apparent to expla in why%

the reduc tion in niagn itude of 0 U is not deClayed six -tenthis miill isecond

by the de lay in redUAM 01' io ofc I',

Figure IV - i 3 shows a plot of shock angles, conitrol s ignal p res

sure s, wall press ures I'l and 1) and e XhatisI t)*0 pi tpv urcsf

P 0z800 psig. As can be seen fromi obz~rving the( coot1" pu IpreS Sure

plot, the oscillator did not supply a good switching signal . \all,%

attempts were miade to make the amplifier sw it ci wheni The s Uipi,

pressure was 800 ps!ig tbut at no time did the aripl~ite s~kItch at ihis

pressure when the osc-illator was used as the( co()l I ol : ignal a,,; ua!(or

The control s ignal pre -SSurCS sho-wnl InI 1igntw I V - 13 did( io0o -:V 1:('1

the poweir fluid anid it wkas found exPerim-tit~il\ 9-_, V!ls ~n,

pressure, cont rol pressuor-es up T(, approx inmate l 11 ps ig would no!

cause switching .

The data plotted In Figure 1%*- 14 is fot, a suipply. llressurr- ku

COO psig. nitrogen power fluid arid the svwrg si,-rial ainaw((j hYv

the osc'illator. Shoek angle data alcir- hapta~aid JIll ill( plot . "Ihis

is prinmari ci,,d to !he i'ed ee clav!!,% of ar-iigk.- w~til tll,.

Streatli separ-a'es- w in Iict-i/r fai vi; Ift tiwit no.'i cxit (ahowi
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two -tenths of an inch as calculated using Figure IV -2 and assumiing

an atmiospheric press ure of 14 .5 ps ig) . The amplifier Operates with

negative conitrol for this 1) as is seeni by obse rving the high speed

schi ic reri film i or hY obs erv inrg th! tinic plot s o1' r; arid controil pres -

sure . From observing the film it is apparent that the power flow

doesn't switch the power fluid cumpletely to either exit, although

this is not obvious from the exhaust pressureC plot.

Figure IV -15 shows a complete cy-cle Of preCss rC tIM iecurve'S

ohbtained from the usc illograph pre-SS Ure t imne r-ecord w het solenoid

valves were used as the control signal act oator, the chamber pres -

sure was 250 psig and nitrogen was the power fluid. No shock angles

could be obtained from the schlieren film but it is perfectly cltear-

that the power stream switches riegat ivelY when the contol p ressu if,

versus time curve is consider'ed along with the exhaus-t pr,.ss-Urec

versus time curve. When a c-ontrol flow is supplied at t'-( ci t po-we r

flow leaves the amnplif ier from t he upper exit. w h cli is the defmoitionl

of negative control.

Using the truec lapsu from the beginning to the end of all r;

changes as the defi-iittori of switching tinte, anid the p vsb t curves,

a table of sw itchiing tinies can be compiled. 1nte controul signal was

act natcd by the osc iliator for all switchirig-~ite ini Tablte IV- -

The control presurues I sted in Table IV\'- 1 are not necessar ily tht-

i n i mun- press uires rcqu ired to sw i t( h the 'ov-e r st r'eai , I he,,

ri.( re1
v, show the aciual 'le-ss U es whtichi were- L,~icd to swi tchi the.
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lab It I V- I ,sw it cling n izl 6 iot' miffe rnt ( hambe i-
Pressures, Gases and D)irect ions of Switch

Power I-fluid Dilirvoetl io
(pS Ig) of Switching (milliseconds) (psig)

Nitriogent 1 200 Ui 1o H 1 . 1:2 6 ()0

N it roge n 1200 B3 to 1) 1 .70 3.0

Nitrogen 1000 Ui to Hi 1~ 3. 50

Nitrogen IO 100 to Ui 2.50 35.0

II Y dazI ic ] 000 Ii to 13 1 .20 4 .2

1Y d r az t e 1000 L, to 1; 1 .04 P9.0

power s trtza i in Thesc tests Fronm observing the t Amcs of switching.

it appears that greater controt prC.S:5n:-,CS te nd to dcrcease- switchtig

timies, as is indicated hy comparing the casts of iiii.rogfer wlaen the

SUi'l.V lrebSUI-C is 1000 pbig and hydr-a;'inc at t1W satim SUpply% pti-

sure T*h is would niot-ntall be e-xpected

I j oi-dvr to) obtain rotielusive expcritiiial uvidenec shont tha

smnalli- -w chctt- ... , 1 i ombaitied usin, lar-g-r- cotitril pi-6

sures, data fron±: e2Xperl~imets should be uxanmwmd iri whicti \-atiat ions

of the other parameters are elimninated . Por- exaiple., !he timec

betIAWee ri the! beg innl1ig Of ri-se of 1) and tall of P and \ i ct- v ers a

sho'A1d bc the sane,( in, all eass As can Ie st-ni :roni iiw c vs

c-urves. L T is greater wkhen the- crol pres-suic on lilot sidt, to which

the sirfan is to sw 10 'te;n~hgio decrease at fit:, sainjt- tinit

tite oppOsi!te conitrol pitcssutc ( begins ic rii rca- c
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ligucit IV- 16 shows a sequience of enli god frames taken from the

16 mm schlieren film. They show the amplifier's power strean-

switchng from the upper to lower exit. Considerable change in the

shock pattern can be detected. between frames (a) and (h) . A lighT

sj.ot shows at the upper control port entrance to the power flow

channel in frame (b), which does ;.,)t appear in frame (a). When this

,.ght sp)ot can) be detected at either control purt entrance, a control

flow is heing supplied at that port.

Figures IV- 16 through IV- 19 show typical flow situations with

nitrogen as the ower fluid. They also illustrate the type of photo-

graphs from which shock angles (tp1 and ep ) were recorded from

each frarne of a cypical switching sequence in order to obtain Figures

10 through IV- 15. Figures TV -16 and IV- 17 illustrate well- definied

switching sequences at chamnber pressures of 1200 and 1000 ps

respectively.. As shc',wn in Figure IV- 18 at chambher pressure 1I

800 psig the amnplifier does not completely switch- It can be seten

zhat tie power stream partially switches but neveri splits evenly

between the exit channels.

Figure IV- 19_ show3 a negative switchtng sequence and altso shows

the lap in upper cont!rol cut off. In framre (a) it can be seen that the

upper control port (UI C.P1 ) is supplying control flow. lIn franes (b),

to ), and (d) the U. C. , is still supplying flow but the towe r con-

trol port (L.C. P.) is Supplying cuontrol flow also. In framne (e) the

U. C.P1. is off arid L,., P-. on. In franrie Mf the L.C. P. continues to



103

(a) Steadv state flow out upper (b) Power flow split with approxi-
e x t matel 807o out U-ex

(c) Power flow split with (d) Power flow split with approxi-
approximately 6 0 " out t - ndtel 40% ou I.-ex

(e) Power flow split with () Steaa% state flow out bottom
approximately 20% out V'-ex exit

Figure IV-,.'", Schlercr Photographs of Power Stream Switching.
Power FlU!d - N'lrogen. Po 1200 psig
Oscillator Actuated Control Signal at 50 + 5 cps.
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(a) Steady state flov out upper (b) Power flow split with approxi-

exit mately 80%c out U-ex

(c) Power fiow split with (d) Power flow split with approxi-
approximately 60S out U--ex natCly 40% out U-ex

h

(e) Power flow split with (f) Steady state flow out bottomn

approxLmately 2079 out .i-ex exit

I" g.urt IV -17. (cil. I:rI Ihotographs of Power ,rcan Switchinr -

Power iFlud - Nitrogen, P. - 1000 psig
OLcillator A,:iuated Control Signal at 50 4 5 cps.
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(a) Steady state flow out bottow (b) Three frames after steady state
exit flow out U-ex

(c) Six frames after steady state (d) Nine frames after steady state

flow out U-ex flow out U -ex

(e) Twelve frames after steady (f) ;-ca4v state flow hanging on
state flow out U-ex splIt -r

Figurc IV-18. Schlieren Pho-ographs of Pow.r S:,e ani Sw' ithin,
Pow,:r FiLuId - Norog(-n, P, L 800 psig
Osc tllator Ac uai fI C nl rol S;gtial at 50 L 5 :ps
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(a) St-.ay state flow OUt p I ovw i I low v r1 ilt wia anrox i-
exr* 1!1tuly W ", (Jut

(cPower flowspl't woth (d) I'ow'A flow spli vvit approxi -
dppruximatel'y 50"cm ULIL nnat. 1' 40"' o it I-cy

(e) P)ower:I ho-Iw Split %W) (f0 .Sttadv savfo u ~toapproxirnatoly 20>. oUI 1state flw utboto

Figure I- Sil-riri 1 t~-p of I'nwc-r' Strcan, SwI tell:ng.

(Jsu,:.aior Actuatcd CoinroSignal at 50, 5Cps.
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supply control fluid and the power st r'(an leaves t he ampliir frorn,

the ]owe- exit channeli

Fi"g ure I \ -'-2 s hows rho same negatVvu sw Hch ng phe fovinnfori

when solenoid valves act nate ite eon? rul signal arid P'o 250 ps ig.

Negatix switching wab not studied extens ivly bu1 li me thi'

characteristics of the power stream, when riegali e swi'rhrrg ocknt's,

wt-ie rictd arid will be presened here. flut "i Is easy to Sec t

thet Powe'r sircam does not fll the flow area at hWs cdhander pr'enw'i

Second, when no control signal is stippl-id tMe flow spli rs liIwi-er Hw

uppi' r arid lowl-' rits . Tb i d, Ih& powvu' srinart " urs: ban'' Vsup i*

somi f1low Iing pa, hr li'3pJ)Ithl r li .

'1 hs negat ye con'rol regine c'an &i explain'd byt\ (1)05dt rmii?

Figure l\'-21 .\'ews (a) and (1) of l''ijrr 1\'-21 Ilust.i'a'f i*1:' reqdu( I'd

SIZO (A I&i power iii it] 0ii' (control poIr? rI'tgini iii lii' p)OWi fl ow

does not fill the cliariric, Zhe conrol flud can Hlow arownd it P is

hypothesav'd that the conirol port serves as Te coical rhr'oat ol

conrame W~~ vl rgoig r'xpanding tow . '1U WIns LM4i oHI ro flow euers

as shown at ti-c a htgh pressure region a' l-c ral w v* to li-c is

produced because stagnation ('ondtowns in %- conr'ol flow "iWi 10

exist on the~ side opposirc the con~n rol ni

Figure A'-22 shows enlargi-d phuographs Irm :0i he n fim wtr''l

hvdr'az in was the power fl"A cdont'rol lowv. was at-wa'ed lv solenoid

\'alvs and I' C)' 00PSg. AS-L an lOr :011 e, 7'POW' rS 'ai! dd thu

switch completely, arid tue lower coWot mlIV Moc Is suPn1'g 1Wi ( crryroI
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(a) -tc ad v s tate floA out uj p r (hi) P owe r flow s plit with appi ox i-

(c) Power I1'lo splI I~ Iit (d) Power flow SplIT with approxi-

approx iniatcL t (0O ou V - c\ mately 40"V out L -ex

( Powur' flow Split w'i th (0~ S-ttC&Iy state flow out bottom
apiU : matvlv 2OV, out I ~ e xit

YIgu~re 1 \-20. Schl wren I hot c~iraphs of I o'wtr St'rean, Iw te rig
1-owe:r Ilutjd - %i r()g!n, P() =250 psip,
Solenoid Va sAct uali-d Control Signal.
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Free Streami
Boundary of
Separated Jet

.ELnd of Conical Nozzle

(a) Oblique View of Control Pori Region

(b) Side %V ,ew of Control Port Region

Figure lV-2l. Flow Pattern of Control Gas in the ControlPort Region



110

(a) Steady state flow out io rn (b) T'en franuis afer steady state
exit flow out H-ex

--II~h__ I

(c) Twenty frames after steady (d) Thirty frames after steady state

state flow out B-ex flow out 3-c.x

-- ,. -

(e) Forty frames after steady (f) Steady state low hanging on
state flow out 1-ex splitter

Figure IV-22. Schliceren Photographs of Power S',rearn Switching
Pow-r !.'hd - !fv'az mc, 1 C 00 ps:g
Solenoid V alves Actuated Coni rol -4ignal,
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signal. These phiotog r'aphs were chiosent f or p reSet) tat lon ifrv ' be('alse

they illust rate the !best film clarity obtainied when iiyd,'aznei was the

power gas, anid t hey also de monstrrat e Ow redu ed ('I ri i ol tta ired

bec ause of external dens it V currents and in te rnal Sm trdg rig of thef

glass side walls.

W~hein the high speed schiteren filnm of Ilt swi tehiiig phenomnenlon

is vie wed using a m i ion picture pro ec br, ope-ra Iinrg at 32 frameis I

second, it ape aris that t he flid sI ream rotates as a solid hod.N for,

c haiiibe r- pressures above 250 ps ig. Thlis is not tie( case . The arigi c

of the turninig shocks charigets Smroothlv with i ite . Thus tire itarigo

of the flow direct ions of successive partitries is s moorth arid should

appear to have a wave shape during switching. inethc wave shiape

is riot observed at high chanrber pressu res, anid veloc itites are vr

high, it is reasonahle to conclude- mat this !s I-uaw!se-If( tite j 1i ' fld

velocilv is mnY t ii)nC higher, tfiati the- angula- speecd of thw Y-owa rg

shock . At the lower chamber- pressures tr appai'i tti wa,, 1-O!,mu

dur-ig switcinrg is discertiablr 'er tho' Solcuojid vlE c a

he c'on tirol s ignal, thle wave mu 1tiron was seen even at higl ht(ram ir

pressures because of the large dl' ! dt anid corisequetit large rare, of

change of cD caused when the solenoid valves lorinced off' her-r sca-s

during closin g,. This poor, seating characterisric r f the v lv c~(atised

the large dI'/ dt. wilici resulifed it) !he rapid fiartg ti Wi w ii retsp'-ct

to timle arid th[I appai-f-mt waye mo10ti(on



Obsterving t he high speed filmi of' the switchinig, oile also detccts

a monentary l.ag Ii thu jet's rotation as it Passes the splitter. This

is probahly dueW to thet reverse flow froii ihle Riliospit'ere delavNilig O il'

pre~ssure rteduction in thfu Outlet channel lo wh~chi the amplificr is to

swit ch. As noi e'd pre viousiY I he power s t ius he forced h iv the conl

trolling s ignal into an as \ nimetrical shock arid sup aration pattern

such that the ria or portion Of the flow IS forCed out the lute nded

oule t channel. When this power flow L eg uis to res i'ic t the- reverse

atmospheric flow in the intenlded exit channel, the pressure falls in

that c harm(l and] the deflecti ng shock's strength Ii the itt en~ded ouJtet

channel decreases. Thus as the shock a! the boundarv to which Ill

power stream is switching decreases in strungti the power -,t, con'.-

pletes switching and a stable flow pattern is cstahlishcd, with or

without the control signal.

At fir-st glance it appears that the.re mnig h, he qite a diffe rence

brtween the mechanics of switching as a reSuh1 Of pr-ssure forccs

anid ruonieritumn forces . However, as stated pre viouiy mn '~cnHi,

the imnporiat thing is to cause a disturbanice and s UIsequi~Al s11ock

which deflects the flow. The deflecting mechiaism 'n this case is anl

oblique shock, To establish the shock a niirminun local pre ssure

rist: across the shoc-k must he esiahi shed. \% hether one a~i ril t (tS

the pressure downs reamn of' the shock to the( pressure or- momn ui n

of the s ignial is inimater ial . Consider Bernoulli'Ls one d irneior al

equat.-on, P -1 (1/ 2)( . v'~ Counstanit . The p)o!( ial of the flid before:
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fowig t hrough the cont rol port throat is pr ima r iv pressure. A!

and immedately past the throat, this potential has chainged prm nar;1Y to

k iricti(' potentil I))l(- control flow d(oc: 1not puneirate, thc power flow

bee ausqe Oic pt wVr fiowo acts like a rigid bod.y whlen hi Si y pc pencierat lof

is coflceticd . I us Wil1 t114 cont-ol flo-w cofltacts the Power flow,

the control f-low will be part ally stagnated if 1 ho, power stram fills

the cross svct tori and prevents flow around ile powe-r si rearr 1,111s

stagnation produceus an effctlive local pr,'ssur- rise which caliscs the

shock and resultinug direct ion of flow charigc ' hins prcss nre and

ronentutij force switching are approx1natelv the sanve wwit' Ohw

control flow is d ire c~ed normial co thec powe r flow.

Due to thW dIffICUlty, in eva lua'ig sont-i of tiic iit-grals of

eqUaiori 11-21, a lengthxN ruiiertcal procedure- wilt hf: rcquiit rd.

At pr'-enl1 a com11puter pr-ogram is being writ en mi'v an 'ieil

simplified model to dete(rminel( r1IMnei-1cal swt'cl:wi l imf s for, d.I( f-ii

supply pressi res, exhaus* pre(ssLIices arid ('011-1o! pi sIi



IV. CONCLUSIONS

An analysis has been developed which predicts the maximum

P /P for which the power let will flow out onc: it. The analysis
o f

will be applicable to amplifiers which have similar geometries. The

(P /P ) is corroborated by experimentai data. The lower limit
o frmax

of P /P was also established by experiment.
o f

For an amplifier with no geometrical bias and no control signals

or reqtrictions applied to it, the power flow splits approximately

evenly between the two exits even in the bistable flow regimes of

supply pressures. Thus the flow separation and flow directing shocks

are symmetrical since the flow splits evenly out the two exits.

Whenever all the p-wer fluid flows out one exit then at some

position in the amplifier the flow must separate from a model bound-

ary. This separation is caused by the local pressure in that region,

and the separation position can be predicted with the bistable analysis.

Since all the power fluid flows out one exit and the flow is supersonic

there must be an oblque shock which turns the flow. These separa-

tion shocks have been observed using the schlieren visualization tech-

nique.

The pressure ratio Po/Pf deterrnires the separation area ratio

A IA and Mach Number M.. If the power flow is to be stable and
I t t

leave the model by one exit then different local ambient pressures

must be maintained at the upper and lower flow boundaries. These

114

4
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local ambient pressures establish shocks of different strengths which

make it possible for the flow to be stable.

The f;'" ng of the exit flow channel to prevent unrestricted reverse

flow from the atmosphere and thus cause a lower pressure in the

intended exit channel is necessary for Listability. For the power flow

to be bistable the flow channel in the control port region must also be

sufficiently filled by the power jet to prevent control flaw from the high

to the low pressure region.

When the chamber pressure is 800 psig or less it is apparent from

the high speed schlieren film that positive control is not achieved with

the amplifier tested. For chamber pressures of 600 psig or less

negative control effects are observed. The negative control pheno-

menon was not investigated closely. The reason that negative control

occurs is very probably due to the separation of the power stream

long before reaching the control port region. The separation and

contraction of the power fluid allow the control signal to flow around

the power jet, stagnate and create a higher pressure region at the

opposite flow boundary. The higher pressure causes a stronger

shock and the resulting negative control.

The separation area ratio A./A does not vary with the nozzle
I t

half angle a (2). Thus with the same expansion ratio and pressure

ratio (P /P ) and a larger nozzle half angle, the separation position
o f

will be closer to the nozzle exit. Therefore the fluid has less axial

distance in which it can recompress and thereby decrease the diam-
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eter of the stream. With the larger stream diameter the flow passage

is more nearly filled and the control fluid has less space in which to

flow around the power str, am. It can also be seen that for a constant

P o/Pf the deflection angle of the free stream boundary is constant.

Since the free stream boundary follows the model boundary appr(xi-

mately, if a is increased, some angle is reached for which the free

stream boundary cannot be deflected into the desired outlet channel.

Thus the half angle of expansion must be determined such that the free

stream boundary can be deflected into the desired channel. For

simple conical nozzles this fixes the angle c when the location of the

splitter is fixed.

Extension of the range of chamber pressures which can be

switched with the same amplifier and control signal would extend

the usefulness of any amplifier. It is reasonable to assume that

this car, be accomplished by redirecting ti.e control flow toward the

nozzle throat. Consider Figures 11-3 and IV-21. In the case of

Figure 11-3 the atmosphere effectively supplies the control flow that

produces the bistable state. In switching the power stream to the

second exit the control signal creates an initial temporary pressure.

If the control signal were directed parallel to the model wall in a

manner similar to the atmospheric reverse flow in Figure 11-3 there

would be less tendency for the control signal to flow around the power

stream and the switching range would be extended to lower chamber

pressures. Also at the higher chamber pressures the control signal
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would be more effectively stagnated before being entrained by the

power jet and swept downstream. Thus it is possible that both

higher and lower values of chamber pressures may be controlled by

directing the control signal input toward the power let nozzle throat.

II
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